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ABSTRACT 
 
Hydrocarbon seep sediments are examined from 3 sites in the Gulf of Mexico (Green Canyon 
Lease Blocks 232, 185, and 272) to relate the effects of gas hydrates and hydrocarbons on microbial 
process, pore fluid chemistry, and the processes of authigenic carbonate formation.   
Hydrocarbon-fueled microbial reactions result in pore fluids with lowered SO4
2- (all consumed 
by –10 cm) and enrichments in H2S, alkalinity, and DIC (up to 20 mmol, 30 meq/L, and 18 mmol/L, 
respectively) which promote carbonate formation.  Pore fluid d13CDIC  (PDB) is influenced by 
thermogenic hydrocarbons and crude oil in GC 232 and GC 185 (ranging from –9to –39‰) and 
methane formed in situ via fermentation.  GC 272 sediments experience seepage from biogenic 
methane and thermogenic hydrocarbons (d13CDIC as negative as –52‰).  Radiocarbon measurements 
of pore fluid DIC in GC 272 provide evidence of fossil biogenic methane.  Pore fluid chloride 
concentrations influenced by gas hydrate formation and decomposition show that hydrates occupy 
from 5-30% of the sediment pore space.  The calculated saturation state of pore fluids with respect to 
carbonate minerals show that they are supersaturated with respect to calcite, aragonite and dolomite.  
Pore fluid calcium, magnesium, and strontium, show the effects of recent carbonate precipitation. 
The sediments contained elevated carbonate levels (up to 70wt.%) due to either 
aragonite/Mg-calcite nodules (GC 232 and GC 185) or dolomite/Mg-Calcite nodules (GC 272) formed 
near the sediment-water interface. The GC 272 mud volcano site represents the first described 
occurrence in the Gulf of Mexico of pseudomorphs after the carbonate mineral, ikaite.  GC 232 and 
GC 185 carbonate d18O averages 3.4‰ and indicates that the nodules were precipitated from fluids 
with the present day temperature and stable isotope composition. GC 272 carbonates have d18O 
indicative of formation at elevated temperatures (as negative as  –6.7‰PDB).  The carbonates have 
d13C that ranges from –12to -40‰, reflective of the pore fluid d13CDIC and indicates that non-methane 
hydrocarbons are the ultimate source for the carbonates.  Sediments from GC 232 , GC 272 and GC 
185 were shown to have sedimentation rates in the top 30 cm of 13 cm/ka, 15 cm/ka, and 27 cm/ka, 
respectively.  
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CHAPTER 1: 
INTRODUCTION 
 
1.1: Geologic Setting–The Gulf of Mexico Continental Slope 
The understanding of the geology of the northern Gulf of Mexico (GOM) continental slope has 
been closely linked with hydrocarbon exploration and production.  In the pursuit of these resources a 
vast amount of data has been accumulated, making the GOM the most studied basin in the world.  
Indirect observations of the surface sediments via high resolution 3-D seismic, sidescan sonar, and 
multibeam bathymetry have shown that the continental slope of the GOM has a complex geology and 
have helped put the complexity into a regionally consistent framework.  Geophysical applications, such 
as mapping seafloor seismic amplitude anomalies, have helped identify fluid and gas expulsion 
features (Roberts, 2001) while ground truth data from piston cores and direct sampling and 
observation using  manned submersibles have shown that fluid and gas expulsion is an important 
process affecting the geology and biology across the entire depth range of the northern GOM 
continental slope.  Although most direct data have been acquired from the upper slope (< 1000 m 
water depth), 3-D seismic amplitude data, piston cores, and a few remote-operated vehicle (ROV) and 
manned submersible observations confirm the importance of fluid and gas expulsion processes to the 
base of the slope at water depths up to 2500 m.   
The study areas for this work (Fig. 1.1) are located in the upper and middle slope area of the 
northern GOM immediately downdip of the Plio-Pleistocene deltaic depocenters of the Mississippi 
River (Woodbury et al., 1973). The continental slope of the Gulf of Mexico is technically a passive 
margin , but it is an active passive margin due to the effects of salt tectonics (Sager et al., 2003).  On 
the flanks  of intraslope basins, complex faulting and associated salt masses provide pathways to 
focus subsurface fluids and gas transport to the modern seafloor (Roberts, 2001).  Within this complex 
geological setting, venting and seepage of fluidized sediment, hydrocarbons, other formation fluids, 
and gas create a variety of features ( gas hydrate mounds, mud volcanoes, carbonate sediments, 
barite crusts and chimneys, and complex chemosynthetic communities) that play an important role in 
the surface geology of the slope (Kennicutt and Brooks, 1990).  In the water column, hydrocarbon  
Figure 1.1: A) Map of the general bathymetry of the Louisiana Continental slope, 
illustrating areas of gas hydrates, chemosynthetic communities and major oil and 
gas discoveries and sites sampled for this work. B) Bathymetry of the Green 
Canyon Study areas.  Gray and dark colored areas indicate areas where seismic 
amplitude anomalies indicate hardground or gas-charged sediments.  Squares 
representing Minerals Management Service lease blocks are 3 miles x 3 miles 
(Contours x 1000m) (from Sager et al., 2003) 
GC 185
“Bush Hill”
GC 272
GC 232
A
B
2
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venting is manifested by gas bubble trains that may extend to the sea surface (Sassen et al., 2001a) 
and by large oil slicks visible from space (MacDonald et al., 1993). 
Direct  observation of fluid and gas expulsion features on the GOM seafloor using manned 
submersibles started in the mid-to-late 1980s (Brooks et al., 1985; Kennicutt et al., 1985).  Subsequent 
submersible observation and sampling have helped create a direct linkage between fluid and gas 
expulsion and the occurrence of benthic communities that live on the expelled products.  A quantitative 
relationship between fluid-gas expulsion and geologic-biologic response has not been derived, but it is 
clear qualitatively that the responses of geology and biology related to seeps  are not only dependent 
on fluid and gas type but also on flux rate and frequency of delivery events.    
 Roberts and Carney (1997) as well as Roberts (2001) qualitatively identified a spectrum of 
seafloor responses to relative changes in the rate of vertical flux and expulsion of fluids (hydrocarbons, 
formation water, and sediment) and gases to the seafloor.  The rapid flux end of the spectrum is 
sediment rich, as large mud volcanoes and extruded fluidized sediment sheets (Neurater and Bryant, 
1990; Neurater and Roberts, 1992) , formed by mostly fine-grained sediment driven up faults. At the 
other end of the spectrum, vertical flux of gas and fluids may be very slow.  This regime is more prone 
to the formation of  minerals (Roberts, 2001). Sites with intermediate fluxes are often associated with 
the occurrence of mounded carbonates of varying size, dense accumulations of chemosynthetic 
organisms, and exposed or shallow subsurface gas hydrates.  These hydrates may be the controlling 
stabilizing factor that enables these communities to persist for extended times at the same locations.    
1.2: Microbial Processes Fueled by Seeping Hydrocarbons  
Anaerobic methane oxidation (AMO) and sulfate reduction (SR) are the dominant microbial 
processes in GOM hydrocarbon seep sediments (Hinrichs and Boetius, 2002). In marine sediments, 
rate measurements of SR and AMO and modeling of pore water geochemical parameters suggest that 
most of the upward CH4 flux is oxidized anaerobically near the sulfate–methane interface as shown in 
Figure 1.2 A (Reeburgh, 1976; Devol et al., 1984 and Iversen and Jørgensen, 1985). A metabolic 
symbiotic consortium between methane oxidizing and sulfate reducing microbes has been proposed to  
regulate AMO (Hoehler et al., 1994; Hoehler et al., 2001 and Hoehler and Alperin, 1996). Organic 
geochemical biomarker and molecular biological data from seep sediments from around the world   
Figure 1.2: A) Hypothesized methane and sulfate concentration profiles in seep 
sediments. The sulfate–methane interface, where minima for both methane and 
sulfate intersect, is due presumably to anaerobic methane oxidation. The inset 
shows the spatial arrangement and metabolic couplings of the microbial 
consortium reported by Boetius et al.(2000). The red cells inside the aggregate 
are methane-consuming archaea; the green cells on the periphery are sulfate-
reducing bacteria. (from DeLong 2000.) 
B) In situ visualization of archaea/SRB aggregates using fluorescently labeled 
rRNA-targeted oligonucleotide probes. The archaea are shown in red, and the 
SRB in green. Scale bar, 5 µm. (from Boetius et al., 2000) 
A
B
4
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have provided further evidence that a consortium of sulfate reducing bacteria and methanotrophic 
archaea mediate AMO (Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001a; Orphan et al., 
2001b and Michaelis et al., 2002). Syntrophic metabolism as the mechanism of AMO infers that the 
processes of AMO and SR are strongly coupled  (Joye et al., 2004). Though multiple methanotrophic 
archaea and sulfate-reducing bacteria grouped organisms have been identified in different 
environments (Hinrichs et al., 1999; Orphan et al., 2001a; Orphan et al., 2001b and Michaelis et al., 
2002) (Fig. 1.2 B), The biochemical mechanism of these processes remains largely unknown. 
Microbial degradation of hydrocarbon gases and crude oil associated with chemosynthetic 
microbial metabolism produces by-products such as calcium-magnesium carbonates that form a 
variety of seafloor features including hard grounds and mounds of varying dimensions. In addition, 
mineral-rich fluids may precipitate barite, forming crusts and low-relief cones and chimneys (Fu et al., 
1994; Roberts and Aharon, 1994).  Hydrocarbon-derived carbonates have previously been reported 
from hydrate-free seep settings (off Pakistan, Von Rad, et al., 1996; the Cascadia subduction zone, 
Ritger, et al., 1987; Gulf of Mexico Roberts et al., 1992a; the North Sea, Hovland et al., 1987; Florida 
escarpment, GOM, Paull et al., 1992; Monterey Bay, Stakes et al., 1999; and the Nankai Trough Sakai 
et al.,1992) but only recently have researchers focused on the relation between gas hydrates and 
carbonate products (eastern Mediterranean Aloisi et al., 2000, 2002;  the Cascadia subduction zone 
Bohrmann et al., 1998; Greinert et al. 2001).  These studies suggest that it is the methane phase in 
the hydrates that provides the source of carbon for the authigenic carbonates in seep sediments. In 
GOM hydrate bearing sediments multiple carbon sources may be incorporated into authigenic 
carbonates including dissolved inorganic carbonate from seawater, foramanifera, and normal marine 
organic matter in addition to biodegraded crude oil, thermogenic methane from gas hydrates, and 
higher-weight hydrate-forming gases (C2-nC5).  In some sediments there are additional organic carbon 
sources as methane and CO2 generated in situ via microbial reactions.   
1.3: Gas Hydrates in Marine Sediments 
At low temperatures and high pressures, gas hydrates may form when high concentrations of 
methane and water occur in subsurface strata.  Sediments in large areas of permafrost and on the 
outer continental margins of the oceans occur within the appropriate pressure and temperature regime 
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for hydrates to be stable.  Since the first reports of naturally occurring hydrates in the mid-sixties in 
permafrost regions, an even larger  reservoir of hydrate gas has been revealed in marine sediments 
(Fig. 1.3 shows worldwide gas hydrate occurrence).  The global reservoir of submarine gas hydrate 
may contain from 2 x 1014 (Soloviev, 2001) to 7.6 x 1019m3 (Dobrynin, 1981) of methane.  The actual 
volume of  gas hydrate is most likely less than 1017 m3 (Kvenvolden, 1999).  Collet (1995) and Collet 
and Kuuskraa (1998) estimate there is 8.9 x 1013 m3 of gas trapped as hydrate in the GOM.  In a more 
detailed analysis, Milkov and Sassen (2001) estimated 10-14 x 1012 m3 of hydrate gas in the 
northwestern GOM, and suggest that ~80% is associated with faults at the margins of salt withdrawal 
basins where thermogenic gas has vented. As gas hydrates can hold up to 9 moles of methane per kg 
of hydrate, even the most conservative estimates indicate the enormity of gas hydrates as a major 
carbon reservoir.  Estimates of the natural gas reservoired in hydrates surpass the total known fossil 
fuel reserves by as much as a factor of 2.  On a global scale, the only pool of organic carbon larger 
than methane hydrates is carbon in sediments and rocks (Kvenvolden, 1988a). Hydrates represent a 
substantial energy source for the future if appropriate technologies can be developed for their 
recovery.  In addition, methane is a greenhouse gas whose greenhouse potential is 20 times greater 
than carbon dioxide (MacDonald, 1990).  Thus destabilization of methane in continental margin 
hydrates makes them an important variable in the current global climate change debate (e.g., Haq, 
2000; Kvenvolden, 1988b). 
1.4: Gas Hydrate Formation and Detection 
In order to form hydrates, sufficient gas molecules must be present to stabilize the hydrate 
cavities, water molecules must be present to form the hydrate lattice, and  appropriate conditions of 
pressure and temperature must prevail (MacDonald, 1990).  These conditions are potentially present 
over a large portion of the Earth's surface, particularly under the oceans.  The present-day inventory of 
known or inferred gas hydrates probably represents only a fraction of the actual occurrences.   
The methane gas present in hydrates can be biogenic or thermogenic in origin, or both. 
Microbial alteration of organic matter produces biogenic methane in anaerobic sediments.  
Thermogenic methane is produced by catagenesis at temperature from 60-230° C during burial from  
Figure 1.3: Worldwide occurrence of terrestrial and submarine Gas Hydrates.  
Circles indicate marine gas hydrates.  Squares represent permafrost gas 
hydrates. (From USGS Gas Hydrate Website: 
http://menlocampus.wr.usgs.gov/50years/accomplishments/gashydrate.html)
7
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2-6 km.  These catagenic reactions also produce higher molecular weight gaseous and liquid 
hydrocarbons.  Methane d13C values can provide valuable information concerning the ultimate 
methane sources for gas hydrates.  Methane produced by biogenic processes ranges in d13C ratios 
from about -55 to -80‰  PDB whereas thermogenic methane d13C values generally range from -35 to -
60‰  PDB (Brooks et al., 1991).  
Hydrates occur as finely disseminated crystals, nodules, layers, and massive accumulations.  
The  evolution from smaller to larger accumulations represents an orderly progression in the formation 
of hydrates in deep sea sediments .  A proposed model of hydrate formation depicted in Figure 1.4 
involves the initial formation of hydrates in the form of small disseminated crystals followed by larger 
nodules and hydrate layers interspersed with mud.  With increased growth a solid hydrate mass is 
finally formed.  Although this model is oversimplified, GOM hydrates exhibit all of these physical forms.  
The biogenic hydrates mainly consist of crystals and small nodules, while the thermogenic hydrates 
(as observed by Brooks, 1986) vary from  nodules to cm-thick layers to a massive hydrate, several 
meters in thickness.  If the different stages in Figure 1.4 actually represent degrees of hydrate growth, 
then the thermogenic hydrates are more mature hydrates in which a greater supply of gas is available 
for hydrate formation.  Hydrate growth in an area may also be influenced by factors such as sediment 
texture (sand and carbonate cement), formation of authigenic carbonate rubble, and shallow faulting 
and fracturing of sediments (Kennicutt et al., 1993).  
Gas hydrate presence in sediments can be deduced from chemical anomalies in pore fluids.  
Crystallization of hydrates, like ice, excludes salt ions. Gas hydrate formation is also  associated with 
the preferential incorporation of water containing the heavier isotopes (2H and 18O in water) into the 
gas hydrate structure (Trofimuk et al., 1974).  This process is analogous to the isotopic fractionation 
between liquid water and ice (O’Neill, 1968).  As a result, water molecules in the residual pore fluid 
become relatively isotopically lighter during gas hydrate growth.  The formation of gas hydrates in 
sediments results in elevated chloride concentrations and depleted d18O values in residual pore 
waters. Conversely, during gas hydrate decomposition, fresh water released by decomposing hydrates 
will dilute pore fluids and shift d18O towards more positive values (Ussler and Paull, 1995). Evidence  
Figure 1.4: The proposed progression of hydrate formation involves the initial 
formation of hydrates in the form of small disseminated crystals followed by larger 
nodules and hydrate layers interspersed with mud.  With increased growth a solid 
hydrate mass is finally formed.  Although this model is oversimplified, GOM 
hydrates exhibit all of these physical forms. (from Brooks et. al., 1986)
9
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for ion exclusion and isotopic fractionation by gas hydrates has been observed in a number of DSDP 
and ODP sites, including the Middle America margin off Guatemala (Hesse and Harrison, 1981), off 
Peru (Kvenvolden and Kastner, 1990), off Chile (Froelich et al., 1993), and off the Cascadia margin 
(Shipboard Scientific Party 1984). 
Gas hydrate presence in continental margin sediments has been inferred mainly from the 
widespread occurrence on marine geophysical records of an anomalous seismic reflector that 
coincides with the predicted transition boundary at the base of the gas-hydrate zone, the bottom-
simulating reflector (BSR).  The BSR is caused by the velocity change from gas hydrate sediments to 
higher velocity non-gassy sediments.  The BSR parallels the seafloor topography lying 100m to 1000m 
below the seafloor (Kennicutt et al., 1993).  BSRs are normally observed cutting across other 
reflectors and are usually found at water depths of more than 400m.  GOM hydrates do not typically 
display a BSR due to the fact that GOM hydrates are local phenomenon whose location is controlled 
primarily by the location of subsurface faults.  Additionally gas seeps are so common on the GOM 
continental slope that acoustic anomalies caused by gas in shallow sediments may not nec essarily be 
the result of the presence of hydrate in the sediment.   
The stability field for gas hydrates is controlled more by temperature than by pressure, so the 
primary sub-bottom depth dependence is on temperature, meaning that the BSR can be used as a 
temperature reference (Hyndman et al., 1992).  This allows the use of BSRs to provide information on 
the regional pattern of heat flow  through accretionary wedges.  They also allow heat flow to be 
estimated where slope sediments are not soft enough for seafloor heat flow probe penetration.  The 
BSR temperature, in combination with seafloor probe data, can also provide information on tectonic 
fluid expulsion from accretionary prisms if the flow rate is high (Hyndman et al., 1992).  Many 
important contributions to the study of natural gas hydrates in the past decade have come from 
investigations of BSR through the activities of the Ocean drilling program (ODP) (reviewed in Hesse, 
2003), notably legs 112 (Peru continental margin) , 141 (Chile Margin Triple Junction), 146 (Cascadia 
Margin), and 164 (Blake Ridge), and to a lesser extent legs 131 (Nankai accretionary prism), 160 
Eastern Mediterranean), 170 (Costa Rica accretionary wedge), and 186 (Western Pacific geophysical 
studies). 
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1.5: Gas Hydrate Structure and Stability 
Gas Hydrates are icelike crystalline substances made up of two or more components (Fig. 
1.5).  One component (the Host molecule, water in marine hydrate settings) forms an expanded 
framework while the guest component(s) fills the void spaces (Davidson, 1993).  The interaction 
between the two components is not by strong chemical bonding but through van der Waals forces and 
hydrogen bonds similar to those found in a simple solution.  Natural gas hydrates have a water 
framework where the void spaces are filled by one or more gases.  Hydrates are stabilized during their 
formation by the inclusion of gases within their structure.  Stabilization depends on the pressure-
temperature conditions and the types and amounts of gases present.  The type of gas also determines 
the structure of the gas hydrate.  Inclusion of gases within the framework causes the water to freeze in 
a cubic system rather than in the hexagonal configuration of normal ice (Davidson, 1981).  The cubic 
arrangement  can form different structures that are differentiated by the size of gas molecules that can 
be incorporated within the respective void spaces. 
The structure of the hydrate present in a natural hydrate is dependent on the source of the 
gas.  Structure I hydrates are generally of biogenic origin.  Biological processes produce methane, a 
small molecule that fits into the smaller 'cage' of the Structure I gas hydrate.  Structure II hydrates tend 
to be a product of thermogenic gases (Brooks et al., 1986).  This is because of the larger size of the 
higher molecular weight hydrocarbons (ethane and heavier) produced by thermogenic hydrocarbon 
catagenesis and are incorporated into the hydrate structure. 
Structure H hydrate can enclose larger molecules than Structure I or II hydrates, including 
common petroleum molecules such as i-C5 (iso-pentane) and others with diameters as large as 7.5-
8.6 Å. Sassen and Macdonald (1994) reported the discovery of Structure H hydrate in coexistence 
with Structure II hydrate at GC 185 (Bush Hill). This Structure H  
 hydrate contained 41% i-C5. As this molecule is too large to be included in Structure II hydrate its 
proportion in the sediment gas increases until a Structure H hydrate containing predominantly i-C5  is 
formed.  
In marine sediments, gas hydrates are found in regions where high pressure, low temperature, 
and gas concentrations in excess of solubility are present. Figure 1.6 illustrates the stability field for  
Figure 1.5: Gas hydrate structure.  In this Structure I methane hydrate the rigid 
cages are composed of hydrogen-bonded water molecules and each cage, both 
exposed and covered in this picture, contains a water molecule (from Kvenvolden, 
1993).
12
Figure 1.6: Methane hydrate stability field for hydrates in marine sediment.  The water 
depth and temperature of the Green Canyon study sites are oulined by a rectangle 
and illustrate that these hydrates are at their limits of stability.  (Diagram modified from 
GEOMAR  hydrate research website: http://www.gashydrate.de)
Methane Hydrate In Marine Sediments
GC
Study
Sites
Stable Gas 
Hydrate
Unstable 
Gas Hydrate
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marine gas hydrates and shows that the GOM study sites are located near the threshold of hydrate 
stability.   While the basic criteria for the formation of gas hydrates (i.e. low temperature and high 
pressure) are met in  a vast portion of deep sea sediments, only limited areas have gas concentrations 
sufficient to form gas hydrates.   The minimum water depth for stability of Structure I gas hydrate 
(100% Methane, C1) is estimated to be  approximately 615 m (Milkov et al., 2000).  Milkov et al. 
(2000), estimate that thermogenic (Structure II) hydrate may crystallize from natural vent gases at 
water depths in the ~ 330 m (90.4 % C1) to ~420 m (95.9 % C1) range.  The minimum water depth at 
which gas hydrates have been found by shallow coring is about 440 m (Sassen et al., 1998).  
Anderson et al. (1992) assumed gas hydrate could exist at depths as shallow as 220 m, but this 
estimate was made using gas compositions which are atypical of those observed in GOM seep 
sediments. The most important factor increasing hydrate stability is the inclusion of higher molecular 
weight hydrocarbons (ethane and higher) which act to stabilize the hydrate structure at higher 
temperatures and/or lower pressures occurring at shallower depths (Brooks et al., 1986). 
There are several reasons for the significance of the association of gas hydrates with oil 
seepage in the GOM.  There is a complex organic and inorganic carbon cycle in these areas.  The gas 
hydrates and oil-stained sections have significant effects on the benthic ecology in the areas where 
they are recovered.  Chemosynthetic communities exist in these areas which are fueled by H2S and 
hydrocarbons.  Gas Hydrates also have effects on the geotechnical properties of the sediments.  Gas 
hydrates have great potential as they may serve as an energy resource (Max and Lowrie, 1996; 
Collett, 2000), provided methods can be developed to economically extract the methane from 
submarine hydrate deposits.  Another aspect of public concern related to hydrates is their role as a 
cementing agent, gluing the particles of sediment together that is impregnated by hydrate crystals 
(Hesse, 2003).  If hydrates melt in the course of ocean warming, hydrate-bearing sediments not only 
lose their cohesive strength but overpressures may also develop in the subsurface.  This may cause 
sediments in unstable positions on the slope to slump (Paull et al., 2000), potentially destroying drilling 
platforms, deep-sea cables, and other sea-bottom structures while liberating more methane in the 
process. 
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1.6: Previous Work on GOM Seeps 
An extensive body of literature exists on GOM hydrocarbon seeps, gas hydrates, and seep 
products with over 50 seeps being identified on the GOM continental slope.  Studies by Bouma and 
Bryant (1994), Bouma and Roberts (1990), and Kennicutt and Brooks (1990) have focused on the 
location and general morphological characteristics of GOM seeps.   
Papers by Roberts and Carney (1997) and Roberts (2001) have attempted to put GOM seeps 
into a regionally consistent framework based on seep products, subsurface geology, venting rates and 
biological associations.  They described GOM seeps as having either fast, intermediate or slow fluxes.  
In this scheme, fast flux  areas are typified by mud volcano formation.  The slow flux seep environment 
tends more toward the formation of  large-scale mineral hardgrounds, while intermediate flux seeps 
are characterized by the presence of large chemosynthetic communities, carbonate buildups, and gas 
hydrates.    
Geophysical studies (Sager et al., 2003; Sager et al., 1999) have been extremely useful in 
explaining the subsurface geology (the seep “plumbing”) that leads to seafloor venting of fluids.  
Mapping seafloor seismic amplitude anomalies (Cook and D’Onfro, 1991; Roberts et al., 1992b) 
caused by free gas in sediments or seep-related hardgrounds has led to techniques that allow for 
easier identification and initial exploration of known or inferred seeps.   
Chemosynthetic communities have been extensively studied by biologists and their presence 
has been the most often used evidence in pinpointing the location of seeps.  Several studies have 
examined  different types of chemosynthetic communities inhabiting distinct seep environments across 
the Northern GOM slope (Waren and Bouchet 1993, 2001; Carney, 1994; Sassen et al., 1998; 
MacDonald et al., 2003) and their spatial variability within individual seeps related to fluid venting and 
venting products (MacDonald et al., 1989).  
Sedimentary organic matter composition (carbon and nitrogen abundances), stable isotopes 
(d13Corganic and d
15Norganic), and radiocarbon analyses in GOM non-seep sediments have been reported  
for transects from the shelf sediments to deepwater by Goni et al. (1997, 1999).  Sassen et al. (1994b) 
analyzed sedimentary organic compounds in seep sediments from Green Canyon Blocks 185, 232 
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and 272, in sediments that contain gas hydrates, crude oil residues, and are host to complex 
chemosynthetic communities of bacterial mats and tube worms. They focused on the contributions of 
seeping hydrocarbons to sedimentary organic carbon and bacterial degradation of these 
hydrocarbons. Compared to background values (Goni et al., 1997, 1999) the values reported for % 
total organic carbon (TOC), d13CTOC , total nitrogen (TN), and C/N ratios from the sites show that they 
have been affected by hydrocarbon seepage with organic chemical signatures different from those of 
nonseep sediments. All the sediments had elevated TOC compared to background sediments. The TN 
values in seep sediments are not significantly different from background GOM values, an indication 
that the sites have not been subjected to large amounts of post-depositional degradation of terrestrial-
derived sedimentary organics.  The elevated C/N ratios correspond to the preservation of organic 
material with extremely high C and low N content. d13CTOC values also show  influence of petroleum 
hydrocarbons.  
Measurements of total lipids and total lipid d13C using dichloromethane (DCM) extracts from 
GC 234 and GC 185 sediments were reported by Wang et al. (2001).  Wang et al. found elevated 
amounts of DCM (dichloromethane) extractable organics in sediments from GC 234 and GC 185 with 
d13C values of extractable organics between –26 to –27 ‰ PDB, which matches very well with d13C 
values from Green Canyon reservoir oil reported by Kennicutt et al. (1988), suggesting that a 
significant portion of the organic matter in these sediments is from seep-derived hydrocarbons. 
Recent work by Zhang et al. (2002, 2003) used new techniques in microbiology to identify and 
image bacterial consortia involved in anaerobic methane oxidation/sulfate reduction (AOM) reactions 
in seep sediments from Green Canyon lease block 234 as well as determine the amounts and types of 
different organic sources in sediments. Zhang et al. (2002) showed  that although lipids in marine 
sediments may come from varied sources (terrestrial organic carbon, plankton, and in situ 
micro/macro organisms) the phospholipid fatty acids from GC 234 hydrate-bearing sediments were 
mainly derived from in situ bacteria.  This interpretation by Zhang et al. (2002) was based on the near-
complete absence of fatty acids from terrestrial plants and planktonic organisms and the distribution of 
extremely isotopically light phospholipid acids that fit the accepted characteristics of bacterial fatty 
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acids in that they contain the branched chain fatty acids which are  used as bacterial biomarkers for 
sulfate reducing bacteria.  The 13C values of other fatty acids reported by Zhang et al. (2002) were 
interpreted to be from multiple sources, including Beggiatoa but show no evidence of the large-scale 
preservation of chemosynthetic macrofauna associated with seeps. 
Geochemical data for reservoir oil nearest the Green Canyon sample sites have been 
reported (Kennicutt et al., 1988).  Gas compositions for gas hydrates, vent gases, and sediment gases 
were reported for sites in Green Canyon (GC 185 and 234 as well as other GOM sites) in a series of 
papers by Sassen et al. (1994a; 1998; 1999a, b, c, d; 2001a, b, c).  These studies indicate that Green 
Canyon gas hydrates are composed of thermogenic gas which has migrated to bottom sediments from 
the subsurface petroleum system although there is in some areas a component of biogenic methane  
produced in the seep sediments via microbial reactions. 
Pore fluid studies examining fluid sources and microbial processes in seep sediments include 
those by Aharon et al. (1992a, b), Fu (1998), Fu and Aharon (1998), and Aharon (2000).  Seep fluids 
advecting to the seafloor may be brines from deep-sourced formation waters, brines from dissolution 
of shallow salt domes, or from seawater trapped in the sediment at the time of their deposition.  These 
studies documented the changes in pore fluid chemistry that result from microbial reactions involving 
seeping hydrocarbons and formation of authigenic mineral phases.  These microbially mediated 
reactions effect dissolved inorganic carbon equilibria and carbonate mineral stability. Anaerobic 
microbial sulfate reduction using hydrocarbon substrates causes sulfide depletion and simultaneous 
bicarbonate and hydrogen sulfide enrichment.  This increase in the carbonate alkalinity of the pore 
fluids caused by microbial reactions involving hydrocarbons produces calcium-magnesium carbonate 
byproducts. 
Lin and Morse (1991) measured sulfate reduction rates in sediments of the continental shelf 
and slope in the GOM and reported rates decreasing exponentially with water depth.  The decreasing 
sulfate reduction rates with depth were attributed primarily to the accompanying decrease in organic 
matter deposition, whose concentration was controlled by the rate of sedimentation.  Further, Aharon 
and Fu (1999, 2003) used pore fluid assays to determine sulfate reduction rates and isotope 
fractionations of sulfate and oxygen AOM in seep sediments.  The depletion of pore-fluid SO4 
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accompanied by enrichment of H2S with depth indicates that bacterial sulfate reduction has occurred 
within the surficial seep sediments and the H2S was not produced though thermogenic processes in 
deep reservoirs.  This observation is confirmed by the inverse linear relationship between sulfate and 
sulfide concentrations as expected from microbial consumption of SO4 and concomitant production of 
H2S during anaerobic sulfate reduction using a hydrocarbon-derived carbon source. Aharon and Fu 
(2000, 2003) determined that GOM seep sediments have some of the highest sulfate reduction rates 
yet measured in marine sediments. Sulfate reduction rates calculated for the reference cores from GC 
185 (Aharon and Fu, 2003) yield maximum values of 1.6 mmol SO4 cm
-3 year-1 which agree well with 
sulfate reduction rat es in normal marine sediments measured by Lin and Morse (1991) at comparable 
water depths in the GOM.  The maximum sulfate reduction rates measured in seep sediments from 
GC 232 and GC 185  reported by Aharon and Fu (2003)  are 97 and 917 mmol SO4 cm
-3 year-1, 
respectively,  and show a typical logarithmic decrease with depth.  These rates are about 102 to 103 
times higher than the reference cores and atypical of cold, deep-sea sediments (Lin and Morse, 1991).  
They are lower by about a factor of 2 relative to sulfate reduction rates measured by Boetius et al. 
(2000) in methane-rich sediments overlain my Beggiatoa mats offshore Oregon at 780-m water depth 
(1644 to 2465 mmol SO4 cm
-3 year-1).  Sulfate reduction rates in seep sediments are intermediate 
between deep-sea, organic-poor habitats ( as low as 0.0073 mmol SO4 cm
-3 year-1 , Bender and 
Heggie, 1984) and marine sediments from shallow, near-shore, organic carbon rich environments ( up 
to 13,510mmol SO4 cm
-3 year-1 , Habicht and Canfield, 1997).  
Several studies have looked at authigenic mineral phases formed around GOM seeps.  Fu 
and Aharon (1998) and Fu et al. (1994) looked at massive barite chimneys and crusts formed around 
brine seeps in the GOM and developed a model for their formation and the timing of their formation.  
Studies of carbonate phases include those of Roberts and Aharon (1994), Ferrell and Aharon (1994) 
and Roberts et al. (1992a).  These studies examined the geochemistry, mineralogy and stable 
isotopes of large carbonate boulders found around seeps from a range of locations in the GOM. 
Carbonates were either aragonite, high-Magnesium calcite (10-15 mol % MgCO3), or dolomite.  The 
carbon isotopic composition of authigenic carbonates serves as an indicator for the type of carbon 
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incorporated during carbonate precipitation.  The authigenic carbonates formed in seep environments 
inherit the stable carbon isotopic signature from the carbon sources present in the seeps (Roberts and 
Aharon, 1994).  The different carbon sources can be readily distinguished on the basis of their d13C 
values. Stable isotopes of carbonates can be used to infer carbonate carbon sources, and indicate a 
complex interplay between different organic and inorganic carbon sources.  In the GOM seep 
sediments authigenic carbonates are precipitated from the pore fluid DIC.  Carbon sources for 
authigenic carbonate formation include dissolved inorganic carbonate from seawater (d13C = 0.6 ‰ 
PDB), biodegraded crude oil (d13C = -26 ‰ PDB (Kennicutt et al., 1988)), foramaniferal carbonate 
(d13C approximately 0 ‰ PDB), normal marine organic matter (d13C approximately -20 ‰ PDB Goni, 
et. al., 1997), thermogenic methane from gas hydrates (d13C approximately -45 ‰ PDB), higher-weight 
hydrate-forming (C2-C5) gases (d
13C approximately -26 ‰ PDB) CO2 from hydrates, sediments, and 
vent gas (d13C values ranging from +17 to –28 ‰ PDB) biogenic methane generated via fermentation 
or CO2 reduction in situ (d
13C as depleted at –90 ‰ PDB (Kaplan, 1994)) and residual CO2 from 
methanogenic processes  (a range of generally isotopically-heavy d13C values up to +20 ‰ PDB 
(Kaplan, 1994)).  
Seep-related carbonates comprised of aragonite and magnesian carbonates from other seep 
sites show marked  d13C depletions.  Isotopically-depleted  carbonates from anaerobic sediments with 
sulfate reducing communities include examples from the Cascadia subduction zone (d13C values 
ranging from -34.9 to -66.7 ‰ PDB (Ritger et al., 1987)),  cold seeps in Monterey Bay (d13C values 
ranging from -35 to -56 ‰ PDB (Stakes et al., 1999), the eastern Nankai Trough (d13C values from -36 
to -56 ‰ PDB (Sakai et al., 1992)),), the North Sea (d13C values averaging -56 ‰ PDB (Hovland et al., 
1987)), the Black Sea (d13C values ranging from -26 to -41 ‰ PDB (Peckman et al., 2001)).  In all of 
these instances the extreme isotopes depletions over normal marine carbonates is convincing 
evidence that biogenic methane is the dominant carbon source of carbon in the carbonates.  
Considering the varied pool of carbon sources, is it unlikely that the carbon in the Ca-Mg 
carbonates in GOM seeps is derived from an individual source.  The general range of d13C  values for 
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seep-vent related authigenic carbonates from the Northern GOM slope is  from –12 to –58 ‰ PDB, 
while the d18O range is 1.8 to 5.6 ‰  PDB (Roberts and Aharon, 1994). 
Dating studies and the use of radionuclides as tracers in seep sediments are rare.  Matthews 
et al. (1973) reported radiocarbon measurements of GOM deepwater and showed that GOM 
deepwater has a radiocarbon age of approximately 800 years. Wang et al. (2001) also measured D14C 
for TOC and DCM extracts of surface sediments from CG 234 and GC 185.  D14C values for surface 
sediment TOC from GC 234 and GC 185 were –768 ‰ and –650 ‰, respectively.  These are lower 
than D14C values from non-seep surface sediments TOC (-385 ‰) measured by Goni et al. (1998).  
The DCM (dichloromethane) extracts of these sediments were also depleted with respect to D14C 
(D14C from GC 234 and GC 185 sediment DCM extracts measured by Wang et al. (2001) were –995 
‰ and –962 ‰, respectively).  These values are very close to the seep-derived hydrocarbon 14C-free 
value of –1000 ‰.  All of these results indicate that the hydrocarbon seepage acts a contributor of 
“old” carbon to the sediment TOC.  Using measured D14C values of the seep sediment and 
background sediment TOC, Wang et al. (2001) use a mass balance approach to calculate that 40% to 
60% of the organic carbon preserved in seeps is of hydrocarbon-derived “old” carbon. 
Aharon et al. (1997) used U/Th isotopes to date seep carbonates directly. They showed that 
the 87Sr/86Sr composition of the carbonates support carbonate formation from seawater-derived fluids, 
rather than from formation fluids advecting from deep aquifers. Radiometric ages from extinct and 
extinct seep sites at upper bathyal depths indicated that hydrocarbon seepage occurred there during 
late Pleistocene time (195-13 ka).  Ages derived from active seep sites at mid-bathyal and abyssal 
depths (12.3-0.0 ka) indicated that currently vigorous seepage was initiated at the end of the last 
deglaciation. These radiometric ages most likely reflect the time of sedimentary loading and 
associated salt diapirism that activated the fault conduits to the sea floor (Aharon et al., 1997). 
1.7: Unanswered Questions Concerning GOM Hydrocarbon Seeps and Hydrate-Bearing 
Sediments 
 
Important discoveries have been made in the past decade concerning natural hydrocarbon 
seepage in the GOM, but many questions remain unanswered concerning hydrocarbon seepage, gas 
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hydrates, and carbon cycling in these sediments.  Specific  questions addressed in this dissertation 
include: 
1) Can the presence of gas hydrates be implied using the inorganic chemistry of pore fluids from 
GOM seep sediments?  
2) Can the geochemical effects of hydrates in pore fluids be used to determine amounts of hydrate 
contained in sediments?  
3) What is the ultimate fate of methane and other hydrocarbons that seep to the seafloor?  How 
much is microbially utilized in situ before escaping into the water column? 
4) What are the relationships between hydrocarbon seepage, gas hydrate stability, and authigenic 
carbonate precipitation and carbonate mineralogy?   
5) Are fossilized bacteria found in seep carbonates? 
6) What are the carbon sources for carbonates formed in GOM seep sediments?   
7) What are the sediment accretion rates in GOM seep sediments compared to other GOM 
settings?   
8) How much carbon in the authigenic carbonates is hydrocarbon-derived? 
1.8: Significance and Major Objectives of Research 
This dissertation investigates the effects of gas hydrates and seeping hydrocarbons on local 
microbial processes, their effects on pore fluid inorganic chemistry and the processes  that affect 
carbonate formation and mineralogy.  Figure 1.7 outlines the analytical procedures related to pore 
fluids, carbonate nodules, and associated bulk sediments.  Detailed methodology will be outlined in 
future chapters.   
This  study examines GOM hydrocarbon seeps from the perspective of local microbial 
processes reflected in pore fluid chemistry.   This is the first study to link these hydrocarbon-fueled 
microbial reactions to observations of the sediments in which the pore fluids were collected and 
provides the framework on which future studies of these environments should be investigated.     The 
pore fluids are seen as an indicator of the chemical conditions in the sediments at the time of their 
collection while the carbonate nodules formed in these sediments serve as a permanent recorder of 
the hydrocarbon seepage and subsequent microbial reactions that occur in seeps.  The goal is to  
Figure 1.7: Analytical methods used for pore fluids and sediments
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study pore fluid chemistry to develop an understanding of the different hydrocarbon substrates, 
resulting microbial  processes, and the consequent permanent geologic products. Once these 
relationships have been established, areas where only the geologic products remain may be related to 
modern processes in the GOM. 
Chapter 2 examines pore fluid analyses (chloride and d18O values, alkalinity, DIC, d13CDIC, and 
elemental chemistry (Ca2+, Mg2+, and Sr2+) ) of push cores from GOM seeps/hydrate sites to relate 
pore fluid chemistry to host sediments and associated microbial processes in gas hydrate-bearing 
sediments.  Specific topics addressed include sulfate reduction and anaerobic methane oxidation in 
the sediments; pore fluid chloride and oxygen isotope anomalies as proxies for determination of the 
amount of gas hydrate contained in the sediments; pore fluid alkalinity, DIC, and d13CDIC as it relates to 
different hydrocarbon sources in the fluids; and pore fluid geochemistry controls on the formation and 
mineralogy of authigenic carbonates. 
Chapter 3 explores the relationship between hydrocarbon seepage, gas hydrates, and 
authigenic carbonate precipitation in gas hydrate-bearing sediments (Questions 4-6).  This chapter 
examines carbonate contents of the sediments, carbonate stable  
isotopes (d13C and d18O), carbonate elemental chemistry, sedimentary organics, carbonate 
mineralogy, and carbonate fabrics will be related to pore fluid geochemistry and bacterial imprints to 
aid in the determination of formation scenarios and carbon sources for authigenic carbonates in 
hydrate bearing sediments. Past studies have looked at large carbonate boulders that are formed in 
seep sediments and then presumably exhumed by  
subsequent processes.  This study examines small, centimeter-sized carbonates in their incipient 
stages of formation that are precipitated in situ in sediment cores taken in hydrate-containing 
sediments for which pore fluid assays have been developed.  This approach provides for detailed 
analysis on a core-by-core basis of total carbonate content, concretion mineralogy, elemental 
composition, and stable isotope ratios related directly to the pore fluids.   The study of these 
carbonates will first determine whether a quantitative assessment can be made concerning the role of 
quasi-stable gas hydrates in carbonate formation and if  these assessments may be generalized and 
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extended to a description of gas hydrate formation, sublimation, and stability in marine sediments.  
Additionally, the unique characteristics (mineralogy, structure, paragenesis) of small carbonate 
concretions intimately associated with gas hydrates are described to determine whether they may be 
used to identify former gas hydrate sediments in the fossil record.   
In Chapter 4 the timing of hydrocarbon seepage and rates of sediment accretion on the 
Northern GOM continental slope are determined using radiocarbon measurements of seep-dwelling 
gastropod shells and associated carbonate nodules (questions 7 and 8). Accurate ages are 
determined for the sediments by dating paired shells and carbonates from the same depth in cores. 
This allows for the determination of sedimentation rates and carbonate accretion rates.   Specific 
topics include calculation of sedimentation rates, hydrocarbon flux rates, and fate of seeping methane 
and hydrocarbons as they are sequestered into authigenic carbonate sinks.  Radiocarbon 
measurements of these seep products are employed to determine the onset and duration of 
hydrocarbon seepage and the timing of carbonate formation in these sediments. Use of radiocarbon 
as a tracer of hydrocarbon carbon input into the carbonates will allow the determination of flux rates of 
hydrocarbons through the sediments as well as an assessment of the amounts of hydrocarbons 
sequestered into permanent geologic products instead of venting to the water column or atmosphere. 
1.9: Study Area Descriptions 
The study areas are shown in Figure 1.1.  Table 1 summarizes the location and  water depth 
as well as general descriptions of the different sample sties.  Sediment cores for pore fluid and 
sediment analyses were collected from Green Canyon (GC)  Lease Block 185 (also known as “Bush 
Hill”, 27°46'N; 91°30'W) during submersible dives using the Johnson Sea Link II  in 1995, Block 232 
(27°00'N; 90°17'W) using the JSL II in 1995 and 1997, and Block 272 (27° 41’N; 91° 32’W) using the 
submersible Alvin in 2000.  Table 1.2 lists the all the cores analyzed from GC 232, GC 272, and GC 
185.   
These Green Canyon sample sites are characterized by numerous gas and crude oil 
hydrocarbon seeps, a variety of chemosynthetic communities including chemosynthetic mussels (Fig. 
1.8A), bacterial mats (Fig. 1.8B) and tubeworms (Fig. 1.8C), and gas hydrates (Fig. 1.8D). These sites  
Location Water Depth Submersible Dive #s # of Cores Predominate Mineralogy Venting Source Hydrates Present
GC 232 570 m JSL II 95-2639, 97-2900 5 Carbonate Thermogenic gas/ crude oil yes
GC 185 600 m JSL II 95-2647 2 Carbonate Thermogenic Gas/Fermentation/ crude oill yes
GC 272 Area 1 700 m Alvin 00-3626 6 Carbonate Biogenic gas/ no oil potentially
GC 272 Area 2 690 m Alvin 00-3627 5 Carbonate Biogenic gas/ no oil yes
GC 272 Area 3 700 m Alvin 00-3627 3 Carbonate Biogenic gas/ no oil yes
 
Table 1.1: Site summaries. 
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Core Name Dive Water Seep Hydrate Core Length Squeezed(S)/ Corresponding Carbonate 14C Measurements
(Prefix Correscpods Location Depth (m) Environment Present? (cm) Unsqueezed (U) Pore Fluids Nodules ? (and other dating)
to year and Dive #)
GC 232
1995-2639 GC 232
95-2639-PW2 560 Bacterial Mat yes 22 S 95-2639-PW2 yes
95-2639 PW 3 560 Bacterial Mat yes 20 S 95-2639 PW 3 yes carbonates+shells(3levels)
95-2639 PW 4 560 Bacterial Mat yes 23 S 95-2639 PW 4 yes carbonates+shells(3levels)
1997-2900 GC 232
97-2900 OMP 560 Bacterial Mat yes 22 S 97-2900-OMP yes carbonates+shells(2levels)
97-2900 WMS 560 Bacterial Mat yes 25 U 97-2900-WMP yes carbonates+shells(3levels)
GC 184 BUSH HILL
1995-2647 GC 185
95-2647-#2 540 Mussel Bed yes 21 S 95-2647-#2 yes carbonates+shells(3levels)
95-2647-#4 540 Background no 24 S 95-2647-#4 none
GC 272
2000-3626 GC 272
2000-3626-31 Area1 700 Bacterial Mat potentially 22 U PW32, PW34 very small/few
2000-3626-PW32 700 Bacterial Mat potentially 30 S PW32 very small/few
2000-3626-33 700 Bacterial Mat potentially U PW32, PW34 very small/few
2000-3626-PW34 700 Bacterial Mat potentially 30 S PW34 very small/few 8 pore fluids for 14C
2000-3626-41 700 Bacterial Mat very likely 20 U PW 42 some small noduless
2000-3626-PW42 700 Bacterial Mat very likely 21 S PW 42 ~ 1mmsized carbs present
2000-3627
2000-3627-49 Area 2 690 Bacterial Mat very likely 21 U none yes
2000-3627-51 690 Bacterial Mat w/ Clams very likely 11 U PW52 large concretions
2000-3627-PW52 690 Bacterial Mat w/ Clams likely 16 S PW52 small nodules
2000-3627-PW53 690 Clams Mud Volcano likely 5 S PW53 small nodules
2000-3627-55 690 Background not likely 21 U PW56 2 small carbs near core bottom
2000-3627-58 Area 3 700 Bacterial Mat yes 24 U PW60 yes
2000-3627-PW59 700 Bacterial Mat yes 20 S PW59 yes
2000-3627-PW60 700 Bacterial Mat yes 26 S PW60 yes carbonates+shells(3levels)
 
Table 1.2: Core summary. 
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Figure 1.8:  The hydrocarbon seeps sampled for this work support diverse 
communities of chemosynthetic fauna including mussels (Bathymodiolus spp., 
A), Beggiatoa spp. bacterial mats (B), and  tubeworms (Lemellibranchia spp, 
C)as well as outcropping exposures of gas hydrate (D). (A, B from Atlantis II 
Shipboard Party, 2000; C courtesy of H. Roberts; D courtesy of R. Sassen)
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are on the upper slope of the GOM near the upper limit of the gas hydrate stability zone (Sassen et al., 
2001).  The most recent episodes of hydrocarbon venting appear to have commenced during the late 
Pleistocene (Aharon et al., 1997).   
1.9.1:  GC 185 “Bush Hill” 
The GC 185 site (Bush Hill) is a fault-related seep feature located at approximately 540 m 
water depth and approximately 7 °C and is one of the more studied hydrocarbon seeps in the GOM.  
Salt diapirism played a major role in the structural evolution of the seep geology of Bush Hill (Fig. 1.9).  
The geology of the GC 185 salt withdrawal basin favors fluid migration along active fault conduits .  An 
antithetic fault at GC 185 is structurally related to nearby Joliet Field (GC 184) and the oil and gas 
venting at the GC 185 fault correlate with reservoirs at ~2-3 km depth in Joliet Field (Kennicutt et al., 
1988) This is consistent with an origin from the same hydrocarbon source system, or the Joliet field 
itself.  Research submersible observations show that seafl oor gas hydrate mounds are generally 
associated with active gas vents.  Samples of vent gas and associated gas hydrate were collected 
during several submersible dives by other researchers and show little variation over time (Sassen et 
al., 2001b).  Multiple gas hydrate mounds have existed at Bush Hill for > 6 years, but mounds show 
deformation on scales of months to years (MacDonald et al., 1994).  Gas hydrate at this site is capped 
by a thin layer of deformed hemipelagic mud that contains bacterially oxidized crude oil, free gas, 
dispersed gas hydrate nodules, authigenic carbonate and H2S (Sassen et al., 1994, 1998, 1999a, 
1999b).  The gas hydrate mounds are covered by bacterial mats (Beggiatoa spp.), which oxidize 
sulfide and are surrounded by complex chemosynthetic communities including tube worms 
(Lemellibranchia spp.) and chemosynthetic mussels (Bathymodiolus spp.). One core was collected in 
sediments populated with chemosynthetic mussels of the Bathymodiolus species in an area of 
relatively slow venting.   Another core was sampled from a background site located several hundred 
meters from any evidence of venting.   
1.9.2:  GC 232 
The GC 232 site is located in 560 m water depth.  In 1991, gas hydrates were seen for the first 
time in the GOM outcropping to the seafloor at this site (Roberts, 2001).  This is a fault related seep  
Figure 1.9: This W-E trending 3-D seismic profile shows the Bush Hill area. 
Dashed lines represent faults.  Note the well-defined and vertically oriented 
acoustic wipe-out zones that caused by free gas in the sediments which constitute 
fluid migration pathways to the modern seafloor.  Horizontal lines equal 100 
milliseconds two-way travel time (from Sager et al., 2003)
Acoustically 
transparent 
sediments
Bush Hill
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over shallow salt (Fig. 1.10).  Mean temperatures and pressures are similar to those observed at the 
Bush hill site.  Hydrocarbon chemistry of thermogenic hydrocarbons and chemosynthetic fauna are 
also similar to those of Bush Hill.  The GC 232 site was sampled in 1995 and 1997 using the Johnson 
Sea link II submersible.  Push cores for sediment and pore fluid analyses were collected on the flanks 
of a meter high hydrate hill through patches of orange and white Beggiatoa spp. bacterial mats in an 
area of slow venting.  Individual gas hydrate deposits at GC 232 sometimes expanded to breach the 
seafloor, usually on the margin of the steeper slopes or near the crests of mounds (MacDonald et al., 
2003).  Breaching exposes patches of hydrate which subsequently dissolve, causing the localized 
hump to gradually deflate which results in a cycle of expansion, exposure, dissolution, re-growth, and 
re-exposure repeats at fixed localities within individual mounds.  The mounds are concentrated along 
the margin between the wipeout zone and the region in which shallow sedimentary strata are visible 
(Sager et al., 2003).  
1.9.3:  GC 272 
Of the three sample sites, the GC 272 site has been the least studied from the perspective of 
direct observation and sampling.  Located at water depths of 580-915 m, the area represents a 
complex of gas hydrates at or near the seafloor where fluid mud mixed with hydrocarbons is actively 
being extruded (Fig. 1.11).  Chemosynthetic communities are also present but are less robust and 
more widely spaced than those in GC 232 and Bush Hill.  Kohl and Roberts (1994) found microfossil 
evidence that the sediments being extruded are from Miocene to Pleistocene in age.  In the rapid flux 
setting  exemplified by mud volcano formation, considerable heat as well as fluidized sediment and 
hydrocarbons are transported to the seafloor (bottom water temperature measurements up to 48 ºC 
reported by MacDonald et al., 2000) .  GC 272 was sampled in 2000 from the submersible Alvin.  The 
GC 272 site has seep features spread over a much larger area than GC 232 or GC 185.  During the 
2000 submersible dives three sites were sampled which were separated 200-300m, all were in 700 
±10 m water depth. All of the GC 272 sites have pore fluid chemistry indicative of biogenic methane 
venting.   Push cores from Area 1 were taken from bacterial mats around the rim of the large mud 
volcano feature at this site.  Area 2 contained mussels, tubeworms, and small scale venting features  
Figure 1.10:  3-D seismic profile trending N-S from the GC 232 area. Horizontal 
dimension is approximately 7 km.  Vertical dimension approximately 2 km.   Note 
the emplacement of salt which provides a conduit for fluids and gas to migrate 
from the subsurface to the seafloor as well as the acoustic wipeout zone 
underlying the seep area.  
Shallow salt
Seep
Faults
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Figure 1.11: A 3-D seismic profile oriented NW-SE across GC 272 displays 
subsurface seismic amplitude anomalies.  The strong anomaly event may 
represent free gas below the base of a localized hydrate in the shallow sediment 
column.  (from Roberts et al., 1992)
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such as small mud volcanoes less than 1 m in height.  Cores from Area 3 were taken through patches 
of orange and white Beggiatoa mats in an area of gas hydrate accumulation. 
1.10: Uniqueness of Approach 
This dissertation presents a new way to look at hydrocarbon seeps sediments.  Integrated 
study of pore fluids and associated sediments, particularly carbonate nodules that are just forming 
allows more discrete analysis of microbial, gas hydrate and general seep processes.  By studying 
three different sites that are similar, but have different types of seeping hydrocarbons and different 
types of venting rates, interpretations and models will be developed that will allow for a quantitative 
assessment of carbon cycling and carbonate formation at GOM seeps. 
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CHAPTER 2: 
PORE FLUID CHEMISTRY IN GAS HYDRATE-BEARING SEDIMENTS: 
NORTHERN GULF OF MEXICO CONTINENTAL SLOPE 
 
2.1: Introduction 
Exploration of the deep oceans during the past two decades has resulted in many important 
discoveries in the fields of geology and biology. Seepages of brine and hydrocarbons in continental 
margins and abyssal plains have clearly demonstrated the importance and complexity of fluid flow 
both in the Earth’s crust and seabed (Corlis et al., 1979; Spiess et al., 1980; Paul et al., 1984; Roberts 
et al., 1993).  Gas hydrates, carbonate buildups, and high concentrations of communities of 
chemosynthetic clams, crabs, mussels, and tube worms which utilize reduced sulfur compounds as 
energy sources have added to the excitement of these discoveries (Lutz and Kennish, 1993; Carney, 
1994; ). Formation of carbonate build-ups and barite chimneys at these locations point to the 
importance of rock-water interaction and  marine diagenesis in the deep oceans (Haymon, 1983; 
Robert  et  al., 1987; Fu et   al., 1994). The microbial reactions occurring in the sediment and 
associated pore fluids at submarine seeps also affect the supply of methane and other hydrocarbons 
to the world’s oceans and atmosphere.  The features observed from seeps and vents in the modern 
oceans have also been recognized from fossil seep areas in the terrestrial realm, an indication that 
these processes have been operating throughout Earth history (Oudin and Constaninou, 1984; 
Beauchamp and Savard, 1992; Peckman and Thiel, 2004). 
On the northern Gulf of Mexico (GOM) slope gas hydrates occur within the sediment and 
occasionally outcrop on the seafloor at relatively shallow water depths (> 200 m).  Gulf of Mexico gas 
hydrates are composed of potentially enormous quantities of either biogenic and/or thermogenic 
methane, yet little of this vast methane reserve regularly escapes from anoxic marine sediments into 
the surrounding water column. Microbes in seep sediments consume most of the hydrocarbons that 
diffuse upward before they can escape into oxygenated waters. Through the processes of sulfate 
reduction and anaerobic methane oxidation (AMO) hydrocarbons are oxidized via the reduction of 
sulfate (Aharon, 2000). Anaerobic microbial sulfate reduction using hydrocarbon substrates causes 
pore fluid sulfate depletion and simultaneous bicarbonate and hydrogen sulfide enrichments.  These 
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microbially mediated reactions affect dissolved inorganic carbon equilibria and carbonate mineral 
stability  by increasing the carbonate alkalinity of the pore fluids which favors the formation of calcium-
magnesium carbonate byproducts. 
As gas hydrates and other hydrocarbon products are generally not preserved in cores or 
exposed in outcrops it is necessary to find diagenetic proxies to identify sediments that formerly 
contained them.  Pore waters in shallow hydrocarbon seep sediments where fluid advection is a  
major process may be regarded as a mixture of seawater trapped in fluids at the time of deposition, 
an additional supply of products from secondary alteration reactions, and potentially deep fluid which 
has, in seeps, advected into shallow sediments from depth. The physical and geochemical 
characteristics of sedimentary sections currently containing gas hydrates provide distinct diagenetic 
environments that promote the precipitation and preservation of carbonate minerals.  Apart from the 
reactions with the surrounding mineral phases, the formation or dissociation of gas hydrates may also 
significantly affect the pore water composition.  This means that the interpretation of pore water 
analyses is not straightforward, as various processes are involved in their chemical evolution.  
Pore fluid studies examining fluid sources and microbial processes in GOM seep sediments 
include those by Aharon et al. (1992a, b), Fu (1998), Fu and Aharon (1998), and Aharon (2000).  
These studies showed that seep fluids advecting to the seafloor may be brines from deep-sourced 
formation waters, brines from dissolution of shallow salt domes, or from seawater trapped in the 
sediment at the time of deposition.  These studies documented the changes in pore fluid chemistry 
(sulfate depletions; enrichments in hydrogen sulfide, alkalinity, and dissolved inorganic carbon; 
saturation with respect to carbonate minerals; negative d13C values) that result from microbial 
reactions involving seeping hydrocarbons and formation of authigenic mineral phases.   
The work of Fu (1998) looked only at the pore fluids in sediments from GC 185 and GC 232.  
This paper takes the next step by examining pore fluids in the context of their ability to stimulate 
carbonate formation and to indicate the presence of gas hydrates.  The purposes of this chapter are 
to: (i) examine the imprints of microbial processes on pore fluids in seep sediments from sites where 
there are distinct differences in the types of seeping hydrocarbons; (ii) investigate microbial process 
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effects on pore fluid chemistry and stable isotopes as they relate to hydrocarbon type; (iii) determine 
the effects of gas hydrates on pore fluid chemistry in hydrate-bearing sediments; (iv) explore the links 
between microbially driven hydrocarbon oxidation processes and the composition of authigenic 
carbonate precipitates; and (v) calculate the amount of authigenic carbonate rock that may be formed 
from the pore fluids.   
2.2: Materials and Methods 
2.2:1: Pore Fluid Samples  
Cores for pore fluids study were sampled from the Green Canyon (GC 185, 232, and 272) 
areas shown in Figure 2.1. Table 2.1 lists the cores used for pore fluid study, the sample locations, 
and provides selective details of the sample areas. Background cores are samples taken several 100 
m away from areas of active hydrocarbon venting and chemosynthetic communities. A general 
description of the sampling sites follows.  
(2.2.1a: GC 232 Samples)  
Gas hydrates in Green Canyon Lease Block 232 (27º 44.5’ N and 91º 19.1’ W) outcrop on the 
seafloor at 560 m water depth at temperatures of 7.4º C. The sample site is situated over a shallow 
salt diapir (See seismic cross-section in Figure 1.10) .  Push cores (~ 25 cm long, collected with a 
robot arm on the submersible Johnson Sea Link II) were taken through Beggiatoa spp. bacterial mats 
on the flank of a meter-high hydrate mound.  Cores were collected during cruises in the summers of 
1995 and 1997. Core 1997-2900-WM was taken through sediments overlain by a white Beggiatoa spp. 
bacterial mat, while cores 1997-2900-OM, 1995-2639-PW2, 1995-2639-PW3, 1995-2639-PW4 were 
all taken through sediments overlain by orange-red Beggiatoa spp.  Immediately after recovery, the 
cored sediments were taken to the laboratory on the support surface ship where continuous pore fluid 
profiles were acquired with a squeezer modified from Jhanke (1988). Cores 1997-2900-OM,  1995-
2639-PW2, -PW3 and -PW4 were all squeezed for pore fluids before analysis of the sediment.  Pore 
fluids for core 1997-2900-WM are from a core taken adjacent to core WM for pore fluids so that core 
WM could remain pristine for sediment analysis.  
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Location Core Name Dive Seep Hydrate Core Length 
(Prefix Correscpods Location Environment Present? (cm)
to year and Dive #)
GC 232
1995-2639 GC 232
95-2639-PW2 Bacterial Mat yes 22
95-2639 PW 3 Bacterial Mat yes 20
95-2639 PW 4 Bacterial Mat yes 23
1997-2900 GC 232
97-2900 OMP Bacterial Mat yes 22
97-2900 WMS Bacterial Mat yes 25
GC 185 BUSH HILL
1995-2647 GC 185
95-2647-#2 Mussel Bed yes 21
95-2647-#4 Background no 24
GC 272
2000-3626 GC 272
2000-3626-PW32 Area 1 Bacterial Mat potentially 30
2000-3626-PW34 Bacterial Mat potentially 30
2000-3626-PW42 Bacterial Mat very likely 21
2000-3627
2000-3627-PW52 Area2 Bacterial Mat w/ Clams likely 16
2000-3627-PW53 Clams Mud Volcano likely 5
2000-3627-PW59 Area 3 Bacterial Mat yes 20
2000-3627-PW60 Bacterial Mat yes 26
 
Table 2.1: Pore fluid core summary. 
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(2.2.1b: GC 185 Samples) 
The GC 185 site (Bush Hill) is a fault-related seep feature (see seismic cross-section in Figure 
1.9) located at approximately 540 meters water depth and approximately 7° C. The fluids in the 
surficial sediments are derived from the overlying bottom waters as established by Aharon and Fu 
(2000) on the basis of major element concentrations. The 87Sr/86Sr ratios for fluids at the GC 232 and 
GC 185 sites (0.70916 ± 1x10-5, n=3) reported by Fu and Aharon (1998) are identical to overlying 
seawater (0.70917) which supports a seawater origin for the GC 232 pore fluids.  Core 1995-2647-M2 
from GC 185 (Bush Hill)  was sampled using the Johnson Sea link submersible in 1995.  The core was 
taken in sediments populated with chemosynthetic mussels of the Bathymodiolus  species.  Core 1995-
2647-4 was taken during the same dive from non-seep sediments and serves as a background core.   
(2.2.1c: GC 272 Samples) 
Located at water depths of 580-915 m GC 272 represents a complex of gas hydrates at or 
near the seafloor where fluid mud mixed with hydrocarbons is actively being extruded (See seismic 
cross-section in Figure 1.11).  Chemosynthetic communities are also present but are less robust and 
more widely spaced than those in GC 232 and Bush Hill. In the rapid flux setting  exemplified by mud 
volcano formation, considerable heat as well as fluidized sediment and hydrocarbons are transported 
to the seafloor (bottom water temperature measurements up to 48 ºC reported by MacDonald et al., 
1994).  GC 272 was sampled in 2000 from the submersible Alvin.  The GC 272 site has seep features 
spread over a much larger area than GC 232 or GC 185.  During the 2000 submersible dives, three 
sites were sampled which were each separated horizontally by at least 200-300m, all were located at 
700 ±10 m water depth.  Push cores from Area 1 (dive # 2000-3626 cores 32, 34, and 42 ) were taken 
from bacterial mats around the rim of the large mud volcano feature at this site where there is 
evidence for recent extrusion of fluidized muds.  Area 2 (dives # 2000-3627 cores 50, 52, and 53) 
contained mussels, tubeworms, and small scale venting features.  Cores from Area 3 (dives # 2000-
3627 cores 59 and 60) were taken through patches of orange and white Beggiatoa spp. in an area of 
gas hydrate accumulations. 
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2.2.2: Pore Fluid Methods  
The pore fluids from GC 232 and GC 185 were collected immediately after recovery with plastic 
disposable syringes inserted into special screw-out ports in the core barrel at 3-4 cm depth intervals 
and were filtered through a 0.25 µm filter capping the syringe (after the methods of Jhanke, 1988).  
Fluids from GC 272 sediments were squeezed using a pneumatic pressure device that uses 
compressed air to squeeze fluids from discrete sediment samples through a 0.25 mm filter.  After 
filtering, each pore fluid was divided into three aliquots. One was used immediately after filtering for 
determination of salinity, dissolved sulfide and sulfate concentrations. The second was acidified with a 
few drops of concentrated HNO3 to pH<1 and stored in 5 ml glass bottles with rubber stoppers and 
aluminum vacuum caps for subsequent elemental analysis. Mercuric chloride was added to the third to 
prevent bacterial activity and this aliquot was used for the analysis of total dissolved inorganic carbon 
(DIC), carbon isotopes of DIC (d13C) and oxygen isotopes (d18O) of water.  
Salinity was measured by a hand-held refractometer (model A366 ATC) having an accuracy of 
±1‰.  Dissolved sulfide and sulfate concentrations were determined by the colorimetric method of 
Cline (1969) and the barium gravimetric method of Presley (1969), respectively. The percent analytical 
error (1s) based on replicate analyses of standards was ±4.5% for sulfide and ±0.5% for sulfate 
determinations.  
All analyses (excluding radiocarbon) were performed in the Department of Geology and 
Geophysics, LSU.   Dissolved K, Na, Ca, Mg, Sr and Ba were determined using an inductively coupled 
plasma spectrometer (ICP); Cl- was determined using the silver nitrate Knorr-Mundsen titration 
method.   Replicate analyses of standards and samples produced precisions of ±0.5% of the amount 
reported for the major and minor cations.  Total dissolved inorganic carbon (DIC), d13C of the DIC, and 
d18O of water were determined with a Nier-type triple collector gas source mass spectrometer using 
the technique described by Graber and Aharon (1991). Accuracy and precision for d13C and d18O are 
within 0.1‰,  and for DIC are within 0.1 mM/L. Stable isotope ratios are reported in the delta (d) 
notation in permil relative to the PDB standard for carbon isotopes and relative to the SMOW standard 
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for oxygen isotopes (Graber and Aharon, 1991). Alkalinity determinations were performed using the 
potentiometric titration method (Edmond, 1970). Alkalinity was determined by linearizing the acid 
portion of the titration curve and extrapolating it to the endpoint. Reproducibility was measured to be 
±0.1 meq/L or better. 
Alkc and DIC in pore fluids of seeps are defined as follows (Aharon 2000): 
DIC = HCO3
-
 + CO3
2-
 + H2CO3+ CO2aq    (1) 
Alkc = HCO3
-
 + 2CO3
2-      (2) 
where DIC (mM/liter) is the sum of the concentrations of all dissolved carbon species whereas 
the Alkc (meq/liter) is a measure of the concentration of the negatively charged carbonate ions that 
interact with H
+ (Aharon et al., 1992). 
 Accelerator mass spectrometry (AMS) radiocarbon analyses were performed for pore fluid 
DIC at the Woods Hole Oceanographic Institution's NOSAMS AMS facility for pore fluids from core 
2000-3626-34. The fluid samples were acidified to release CO2.  This gas was cryogenically purified, 
the yield was measured manometrically, and the purified gas was collected into flame-sealed pyrex 
tubes.  These CO2 samples were sent to NOSAMS where they are converted to graphite for AMS 
analysis.  The graphite derived from each sample is compressed in a target press and inserted into the 
cathode of the ion source. After acceleration and removal of electrons, the emerging positive ions are 
separated and the 12C and 13C ions are measured in Faraday Cups where a ratio of their currents is 
recorded. Simultaneously the 14C ions are recorded in a gas ionization counter, so that instantaneous 
ratios of 14C to 13C and 12C are recorded (Stuvier, 1980).  
The fraction-modern carbon (Fm) is computed from the expression:  
Fm = (S - B) / (M - B)     (3) 
In the equation, B, S and M represent the 14C/12C ratios of the blank, the sample, and the 
modern reference, respectively. Standard practice is to limit reporting ages to fraction-modern values 
which are at least two standard deviations from the blank, or background levels.  The total error in the 
measured fraction-modern averages about 0.5% modern.   
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Sample results are also reported by their radiocarbon ages, which result from taking the log of 
the fraction modern:  
Age = -8033 ln (Fm)     (4) 
The error in the age is given by 8033 times the relative error in the Fm . Therefore a 1% error in 
fraction-modern leads to an 80 year error in the age (Ann McNichol, NOSAMS, personal 
communication).  
In order to determine the effects of microbial processes on the formation of authigenic 
carbonates, the degree of saturation of the pore fluid with respect to aragonite, (DS’a), calcite (DS’c), 
high-magnesium calcite with 12 mol% Mg (DS’hmc), and dolomite (DS’dol) have been calculated.  
Calculations of carbonate saturation are based on a temperature of 7 °C and 60 atm (the pressure at 
600 m water depth).  The 12 mol % magnesian calcite was chosen because in sediments from the 
Green Canyon study sites the authigenic magnesian calcites contain 10-15 mol % MgCO3 and the 
solubility constant of 12 mol % magnesian calcite has been calculated (Plummer and Mackenzie, 
1974). The degree of saturation (DS') of the different carbonate phases is determined by the ratio of 
the ion molality product (IMP) to the apparent solubility product (K'sp) of the different minerals.  The 
degree of saturation of the pore fluid with respect to aragonite, (DS’a), calcite (DS’c), high-magnesium 
calcite with 12 mol% Mg (DS’hmc), and dolomite (DS’dol) are calculated using the method of Edmond 
and Gieskes (1970) and Fu (1998). For the carbonate saturation calculations there are three general 
categories of saturation: 1. Supersaturaton: IMP > K’sp; DS’ > 1; 2. Saturation (Equilibrium) : IMP = 
K’sp; DS’ = 1; 3. Undersaturation: : IMP < K’sp; DS’ < 1. 
2.3: Results 
Chemical analysis and isotope results are given in Tables 2.2 through  2.5.  To present these 
results in a succinct manner, they have been grouped according to location.  Pore fluid data for cores 
for GC 232 and Bush Hill (GC 185) are presented in Tables 2.2 and 2.3. Results for pore fluids from 
GC 272 Areas 1, 2, and 3 are shown in Tables 2.4 and 2.5.  
2.3.1:  Dissolved Sulfate (SO4) and Hydrogen Sulfide (H2S) 
Pore fluid results exhibit a general down-core decrease in sulfate concentrations (Fig. 2.2) and 
are usually accompanied by an increase in sulfide concentrations (Fig. 2.3) in the seep sediments.  
Figure 2.2: Pore fluid profiles of sulfate (SO4) concentrations (in 
mmol/L) with depth.  GOM bottom water has an SO4 concentration of 
approximately 29 mmol/L .
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Figure 2.3: Pore fluid profiles of hydrogen sulfide (H2S) 
concentrations (in mmol/L) with depth.  GOM bottom water has no 
H2S.
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Sample Depth Salinity pH HS- NH4 SO4 Cl
- Alkalinity
 (cm) ‰  (mmol/L)  (µmol/l) (mmol/L) (mmol/L) (meq/L)
GOM Seawater 0 m 38 7.8 0.0 29.7 553 2.4
GOM Deepwater 1958 m 38 8.0 0.0 30.5 589 2.4
GC 232
97-2900 OM
OM-1 -3 35 8.0 5.1 152.7 20.0 542 11.7
OM-2 -6 37 7.8 8.7 180.0 13.1 541 17.7
OM-3 -9 36 8.1 19.3 193.6 8.1 555 33.0
OM-4 -12 40 19.7 118.6 0.7 599
OM-5 -15 44 20.3
97-2900 WM
 WM-1 -3 32 7.9 28.1 605 4.9
WM-2 -6 33 7.8 55.9 25.4 534 6.6
WM-3 -9 33 7.8 0.9 105.0 25.4 538 7.4
WM-4 -12 34 2.3 60.0 25.1 583
WM-5 -15 35 7.7 26.5 571 12.8
95-2639 PW2
2-2 -3 38 7.8 4.9 19.4 558 4.1
2-3 -5 39 8.0 8.7 17.7 573 3.2
2-4 -8 40 8.2 10.0 15.2 580 2.8
2-5 -11 40 8.1 10.6 14.8 578 3.3
2-6 -15 40 8.2 13.2 10.8 585 3.7
2-7 -18 40 8.3 15.2 8.7 581 3.0
2-8 -21 40 8.3 16.3 7.8 583 2.3
95-2639 PW3
3-1 -3 22.8
3-2 -5 12.3
3-3 -7 14.3
3-4 -10 18.1
3-5 -12 11.8
3-6 -14 1.2
3-7 -17 1.0
3-8 -21 0.3
95-2639 PW4
4-1 -3 22.0
4-2 -5 19.5
4-3 -8 16.4
4-4 -10 15.0
4-5 -13 13.2
4-6 -15 23.3
4-7 -18 20.1
4-8 -21 18.4
4-9 -23 16.4
GC 185 "Bush Hill"
95-2647-M2
2-1 -2 40 8.4 7.7 14.3 575 7.0
2-2 -4 40 8.9 17.3 5.3 567 10.1
2-3 -6 40 8.9 19.3 2.6 576 10.3
2-4 -9 40 8.8 19.7 0.4 578 8.8
2-5 -12 40 8.9 19.7 0.5 575 9.3
2-6 -15 40 9.0 19.9 0.3 570 9.1
2-7 -18 40 9.0 19.9 0.4 577 9.8
2-8 -21 40 9.0 20.3 1.0 573 8.6
95-2647-4 (Backgrond)
4-1 0 7.6 0.0 2.5
4-2 -2 7.9 0.0 3.1
4-3 -4 7.9 0.0 3.3
4-4 -6 7.5 0.0 28.2 3.5
4-5 -9 7.8 0.7 27.7 3.1
4-6 -11 7.7 0.8 27.5 3.0
4-7 -13 7.7 0.7 3.1
4-8 -16 7.7 8.0 25.8 2.8
4-9 -19 7.5 0.9 3.1
4-10 -22 7.5 1.0 25.4 2.6
 
Table 2.2: Pore fluid geochemical data for cores from GC 232 and GC 185.  
(blanks indicate no analysis). 
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Sample Depth DIC Stable Isotopes Ca Mg Mg/Ca Sr Sr/Ca
 (cm) (mmol/L) d13C d18O (mmol/L) (mmol/L) (µmol/L) x 1000
(‰ PDB) (‰ V-SMOW) 
GOM Seawater 0 m 2.1 0.6 0.2 9.7 50.6 5.2 84.5 8.7
GOM Deepwater 1958 m 2.1 0.6 1.7 8.8 53.0 6.0 68.4 7.8
GC 232
97-2900 OM
OM-1 -3 4.4 -28.2 1.3 8.3 47.5 5.7 78.8 9.5
OM-2 -6 4.4 -34.9 1.6 7.0 45.6 6.5 74.9 10.7
OM-3 -9 6.4 -33.3 2.0 7.8 44.4 5.7 55.6 7.1
OM-4 -12 4.8 47.4 9.9 0.0
OM-5 -15
97-2900 WM
 WM-1 -3 10.1 52.7 5.2 0.0
WM-2 -6 3.9 -14.9 1.9 9.3 46.3 5.0 85.2 9.2
WM-3 -9 4.2 -16.3 1.4 9.5 47.8 5.0 84.4 8.9
WM-4 -12 5.8 -19.6 1.4 8.7 50.7 5.9 0.0
WM-5 -15 6.8 -23.2 2.3 9.4 50.6 5.4 0.0
95-2639 PW2
2-2 -3 4.8 -23.3 0.9 9.3 50.2 5.4 78.8 8.5
2-3 -5 3.9 -23.5 0.6 8.7 50.4 5.8 78.7 9.0
2-4 -8 3.5 -23.8 0.4 8.9 50.5 5.7 75.2 8.4
2-5 -11 2.7 -24.7 0.6 8.4 50.1 6.0 76.8 9.1
2-6 -15 5.1 -27.8 0.5 8.0 49.3 6.2 71.3 8.9
2-7 -18 4.1 -27.5 0.7 7.5 49.0 6.5 71.0 9.5
2-8 -21 3.6 -27.8 0.3 7.1 49.6 7.0 68.4 9.6
95-2639 PW3
3-1 -3
3-2 -5
3-3 -7
3-4 -10
3-5 -12
3-6 -14
3-7 -17
3-8 -21
95-2639 PW4
4-1 -3
4-2 -5
4-3 -8
4-4 -10
4-5 -13
4-6 -15
4-7 -18
4-8 -21
4-9 -23
GC 185 "Bush Hill"
95-2647-M2
2-1 -2 7.2 -15.8 0.7 8.8 51.2 5.8 80.1 9.1
2-2 -4 13.6 -9.9 1.0 7.7 47.5 6.2 70.2 9.1
2-3 -6 14.3 -9.2 0.6 7.7 47.1 6.1 70.1 9.1
2-4 -9 13.7 -10.1 0.7 7.5 46.8 6.2 68.7 9.2
2-5 -12 15.1 -10.7 0.7 6.9 46.5 6.7 65.1 9.4
2-6 -15 15.0 -12.7 1.1 6.2 46.2 7.5 59.6 9.6
2-7 -18 15.1 -12.3 0.9 5.8 46.2 8.0 57.3 9.9
2-8 -21 12.8 -12.1 1.0 5.8 46.1 7.9 56.6 9.8
95-2647-4 (Backgrond)
4-1 0 1.8 -3.7
4-2 -2 2.8 -7.4 10.2 51.7 5.1 83.0 8.1
4-3 -4 3.1 -10.0 10.2 52.1 5.1 83.4 8.2
4-4 -6 3.0 -10.9 10.1 51.2 5.1 82.4 8.2
4-5 -9 3.0 -11.8 10.0 50.4 5.0 82.4 8.2
4-6 -11 2.9 -11.4 10.1 51.4 5.1 84.0 8.3
4-7 -13 3.0 -11.9 9.9 50.4 5.1 81.7 8.3
4-8 -16 2.7 -10.9 10.0 50.6 5.1 82.2 8.2
4-9 -19 2.9 -12.2 10.0 51.2 5.1 83.8 8.4
4-10 -22 2.5 9.9 50.7 5.1 81.7 8.3
 
Table 2.3: Pore fluid geochemical data for cores from GC 232 and GC 185. 
(blanks indicate no analysis). 
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Sample Depth Salinity pH HS- SO4 Cl
- Alkalinity
 (cm) ‰  (mmol/l) (mmol/L) (mmol/L) (meq/L)
GOM Seawater 0 m 38 7.8 0.0 29.7 553 2.4
GOM Deepwater 1958 m 38 8.0 0.0 30.5 589 2.4
GC 272 Area 1
3626 PC-32
1 -6 42 8.0 1.3 27.4 656 4.6
2 -10 40 8.4 10.7 13.7 625 7.8
3 -14 43 8.3 12.2 11.5 671 15.8
4 -18 44 8.5 16.9 4.7 687 20.5
3626 PC-34
1 -2 43 7.9 2.9 25.0 671 6.3
2 -5 45 8.4 3.9 23.5 703 4.6
3 -9 47 8.4 4.4 22.9 734 10.5
4 -12 49 12.4 11.2
5 -16 49 8.4 13.9
6 -19 49 8.3 17.7 3.6 765 15.3
7 -23 50 8.3 16.4 5.5 781 17.6
8 -27 51 8.4 19.3 1.2 796 20.4
3626 PC-42
1 -2 37 8.1 8.9 16.3 15.9
2 -6 38 8.0 14.5 8.2 593 29.8
3 -10 39 612 -
4 -14 39 8.0 11.0 13.2 607 10.3
5 -19 38 8.7 14.6 8.1 590 15.3
GC 272 Area 2
3627 PC-50
1 -2 37 7.8 0.3 28.7 578 4.1
2 -6 36 7.9 0.9 27.9 562 4.3
3 -10 37 7.6 0.1 29.0 575 3.5
4 -14 37 7.9 0.7 28.1 580 4.7
5 -18 37 7.5 0.9 27.8 581 3.9
3627 PC-52
1 -2 36 0.8 28.0 584
2 -6 37 8.0 8.2 17.3 3.2
3 -10 36 1.7 26.7 572
4 -14 36 7.9 1.5 27.0 562 5.1
3627 PC-53 
1 -2.5 37 7.8 0.1 29.1 577 4.0
3627 PC-56 (Background)
1 -2 37 7.6 0.4 28.7 579 3.3
2 -5 37
3 -8 35 0.9 27.9
4 -11 36 0.7 28.2
5 -14 37 7.4 574 4.4
6 -17 37 8.0 1.8 26.7 568 5.0
7 -20 37 563
8 -23 39 7.8 609 4.5
GC 272 Area 3
3627 PC-59
1 -2 37 8.7 6.4 19.9 567.0 14.4
2 -6 37
3 -10 37
4 -14 37 8.6 16.4 5.4 596.8 25.2
5 -18 36 8.7 18.3 2.7 615.0 24.5
3627 PC-60 
1 -2 36 8.5 15.2 7.1 562 18.5
2 -5 35 8.6 17.7 3.6 541 26.2
3 -9 35 8.6 16.7 5.0 542 27.3
4 -12 35 8.7 16.8 4.9 554 26.2
5 -15 35 8.6 17.7 3.6 550 24.9
6 -18 35 8.7 14.4 8.4 559 25.6
7 -21 35 547
8 -25 35 8.7 14.9 7.6 552 23.8
 
Table 2.4: Pore fluid geochemical data for cores from GC 272  
(blanks indicate no analysis). 
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Sample Depth DIC Stable Isotopes Ca Mg Mg/Ca Sr Sr/Ca
 (cm) (mmol/L) d13C d18O (mmol/L) (mmol/L) (µmol/L) x 1000
(‰ PDB) (‰ V-SMOW) 
GOM Seawater 0 m 2.1 0.6 0.2 9.7 50.6 5.2 84.5 8.7
GOM Deepwater 1958 m 2.1 0.6 1.7 8.8 53.0 6.0 68.4 7.8
GC 272 Area 1
3626 PC-32
1 -6 1.6 -20.9 2.5 10.3 71.8 7.0 69.1 6.7
2 -10 4.1 -40.4 1.8 6.7 46.3 6.9 73.7 11.0
3 -14 9.7 -51.2 2.3 6.7 65.7 9.7 73.5 10.9
4 -18 13.5 -49.8 2.2 4.8 64.8 13.6 85.5 17.9
3626 PC-34
1 -2 3.1 -28.3 2.2 10.3 67.6 6.5 72.9 7.1
2 -5 4.9 -36.8 1.4 11.4 72.4 6.4 131.5 11.5
3 -9 6.6 -41.0 1.9 11.3 76.4 6.8 90.8 8.0
4 -12 7.9 -46.8 2.2
5 -16 11.2 -50.0 2.1 7.6 63.0 8.3 152.8 20.2
6 -19 12.2 -52.1 2.1 5.1 50.8 9.9 87.6 17.0
7 -23 14.2 -51.9 1.5 5.7 71.8 12.7 108.3 19.1
8 -27 14.2 -50.2 3.0 5.8 70.9 12.2 117.1 20.1
3626 PC-42
1 -2 11.7 -43.4 2.4 7.4 70.8 9.6 63.9 8.7
2 -6 17.2 -48.3 2.4 6.0 81.1 13.5 50.6 8.4
3 -10 12.2 -51.7 2.4
4 -14 10.4 -51.3 2.3 2.4 64.7 27.3 21.4 9.0
5 -19 11.4 -47.3 2.2 4.3 60.5 14.2 56.9 13.4
GC 272 Area 2
3627 PC-50
1 -2 2.0 -7.4 1.8 10.4 65.3 6.3 59.8 5.7
2 -6 1.6 -10.3 0.7 10.2 64.1 6.3 58.9 5.8
3 -10 2.0 -5.4 1.6 10.4 65.2 6.3 60.6 5.8
4 -14 1.8 -10.7 1.6 10.0 63.9 6.4 59.2 5.9
5 -18 1.8 -9.8 1.9 10.0 63.2 6.3 59.0 5.9
3627 PC-52
1 -2 2.3 -17.9 2.0 9.9 65.7 6.7 58.4 5.9
2 -6 2.1 -23.5 2.1 8.6 46.1 5.4 52.5 6.1
3 -10 2.3 -24.9 1.0
4 -14 2.8 -22.8 1.8 9.6 64.0 6.7 57.0 5.9
3627 PC-53 
1 -2.5 1.8 -9.4 2.4 10.9 66.2 6.1 96.5 8.9
3627 PC-56 (Background)
1 -2 2.0 -1.0 1.6 10.3 66.3 6.4 62.2 6.0
2 -5 2.0 -1.9 1.2
3 -8 1.8 -2.7 1.3 9.8 64.4 6.6 61.3 6.2
4 -11 1.6 -4.4 1.4 10.1 64.7 6.4 61.2 6.1
5 -14
6 -17 2.1 -7.2 1.9 10.1 53.2 5.3 98.4 9.8
7 -20 2.2 -9.3 1.3
8 -23
GC 272 Area 3
3627 PC-59
1 -2 4.1 -35.0 2.1 8.6 64.7 7.6 58.1 6.8
2 -6 16.2 -33.7 1.8
3 -10
4 -14 14.5 -40.9 2.2 3.5 61.6 17.8 54.4 15.8
5 -18 15.7 -39.8 2.0 4.1 61.1 14.8 51.3 12.4
3627 PC-60 
1 -2 13.2 -30.6 2.4 7.5 64.6 8.6 53.3 7.1
2 -5 18.0 -30.4 2.6 4.4 61.5 14.1 51.5 11.8
3 -9 18.3 -32.2 2.5 4.0 61.9 15.4 52.7 13.1
4 -12 16.2 -33.0 2.8 2.7 61.5 22.5 52.8 19.3
5 -15 17.5 -33.0 2.2 3.6 58.0 15.9 52.1 14.3
6 -18 17.1 -35.1 2.5 3.7 57.8 15.5 57.9 15.6
7 -21 13.7 -39.4 1.8
8 -25 14.2 -45.6 2.2 3.9 65.3 16.6 91.6 23.3
 
 
Table 2.5: Pore fluid geochemical data for cores from GC 272  
(blanks indicate no analysis). 
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Pore fluid sulfate in background cores 95-2647-4 (Bush Hill, GC 185) and 00-3627-56 (GC 272) range 
from 25.2 to 28.2 and 26.7 to 28.7 mmol/L, respectively, values which are close to the ambient GOM 
bottom water sulfate concentration of 28.9 mmol/L.  In contrast, pore fluids from seeps are highly 
depleted in sulfate relative to the bottom water decreasing down to 0.3 mmol/L.  Sulfate depletions are 
variable even between neighboring cores separated by distances of one to several meters (e.g. 97-
2900-OM and 97-2900-WM). Ambient GOM bottom water contains no sulfide above the detection limit 
of 1 mmol/L, and the pore fluids from the background cores contain less than 1mmol/L sulfide (Fig. 
2.3).  In contrast, H2S concentrations are elevated in all pore fluids from seeps ( up to 20 mmol/L), and 
the levels usually increase down core. 
Fluids from GC 232 and GC 185 have the most pronounced reduction in sulfate with depth 
(Fig. 2.2A).  The sulfate reduction occurs within a very small interval of the sediment column.  Cores 
97-2900-OM and 95-2647-M2 exhibit nearly complete sulfate consumption by a depth of 10 cm in the 
sediment. Fluids from 97-2900-WM show only minor depletions with depth.  Cores 95-2639-PW3 and 
PW4 (Fig. 2.2A) show a kink in the sulfate profile at –10 and –15 cm, respectively. 
Core samples from GC 272 Area 2 (Fig. 2.2C) have very weak evidence of sulfate reduction, 
with only one analysis from core 00-3627-52 exhibiting any meaningful sulfate consumption with 
depth.   However, fluids from GC 272 Area 1 and 3 (Fig. 2.2B and 2.2D, respectively), however, show 
rapid and significant sulfate consumption.  Fluids from GC 272 Area 3 have near-complete sulfate 
consumption by as shallow as 5 cm subbottom.   
2.3.2:  Carbonate Alkalinity (Alkc) and Dissolved Inorganic Carbonate (DIC) 
Carbonate alkalinity (Alkc) and total dissolved inorganic carbon (DIC) in ambient bottom water 
are 2.4 meq/L and 2.1 mmol/L, respectively.  In the background cores Alkc and DIC are close to  
bottom water values .  Background core 95-2647-4 has Alkc and DIC values up to 3.5 meq/L and 3.0 
mmol/L, respectively.  Background core 00-3627-56 has Alkc and DIC values up to 5.0 meq/L and 2.2 
mmol/L, respectively.  Alkc and DIC profiles from seep sediments show varying degrees of increase in 
Alkc and DIC downcore relative to background values (Fig. 2.4 and Fig. 2.5). 
 
Figure 2.4: Pore fluid profiles of carbonate alkalinity (in meq/L) with 
depth.  Carbonate alkalinity is the measure of the concentration of 
negatively charged carbonate ions (HCO3
- and CO3
2-) that interact 
with H+.
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Figure 2.5: Downcore profiles of pore fluid dissolved inorganic 
carbon (DIC in mmol/L) with depth.  DIC is the sum of concentrations 
of all dissolved carbon species (HCO3
-, CO3
2-, and CO2aq).  GOM 
deepwater has DIC concentrations of approximately 2 mmol/L.  
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Compared to background, GOM seawater values of approximately 2 mmol/L, fluids from GC 
232 (Fig. 2.4A) have up to 8 mmol/L DIC while fluids from GC 185, GC 272 area 1 and GC 272 Area 3 
(Fig. 2.4A, 2.4B, 2.4D, respectively) have comparable DIC enrichments as high as  15 mmol/L.  
Alkalinity exhibits the same depth variation as DIC. 
2.3.3:  Pore Fluid Stable Isotopes: Carbon Isotope Composition (d13C) of DIC and Oxygen Isotope 
Composition (d18O) of Water 
 
The measured d13C of the ambient bottom water DIC is 0.63 ‰ PDB.  In background core 95-
2647-4, the d13C  values decrease downcore with values ranging from –3.69 to –12.16 ‰ PDB (Fig 
2.6).  In background core 00-3627-56 the d13C  values show less of a decrease downcore with values 
ranging from –1.01 to –9.34 ‰ PDB. Pore fluids from seep cores have a range of d13C  values. In 
nearly every case the d13C  values are isotopically lighter than in background cores with values as light 
as –52.13 ‰ PDB in core 00-3626-34.  An exception are the fluids from core 95-2647-M2 (GC 185) 
which has “heavier” isotope ratios d13C of –9.2 to –15.8 ‰ PDB (Fig. 2.6A).  
The background cores have d18O values ranging from 1.24 to 1.92 ‰ V-SMOW (Fig. 2.7).  
Cores from seep areas show a range of d18O values ranging from 0.3  to 2.99 ‰ V-SMOW. Shown in 
Figure 2.7. 
2.3.4:  Pore Fluid NH4 
Downcore profiles of NH4 in  cores from GC 232 (cores 97-2900-OM and 97-2900-WM) are 
shown in Figure 2.8. Measurements of NH4 were made only for two cores but are illustrative of sulfate 
reduction reactions in the sediments from GC 232.  In both cores there is an increase in NH4 at 10 cm 
depth, the zone of sulfate depletion. 
2.3.5:  Pore Fluid DIC Radiocarbon from GC 272 Area1 Core 00-3826-34  
Radiocarbon measurements of pore fluid  DIC samples from core 00-3626-34 were performed 
to determine the contribution of “fossil” carbon sources to the pore fluid DIC pool for the purpose of 
determining the source of biogenic methane (Radiocarbon results are shown in Table 2.6).  Figure 2.9 
shows downcore variations of fraction modern carbon (FM)(Fig. 2.9A) which ranges from 0.62 in the 
top of the core and decreases to 0.18 toward the bottom of the core.   Radiocarbon age (Fig. 2.9B), for  
Figure 2.6: Pore fluid DIC d13C (‰ PDB) versus depth.
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Figure 2.7: Pore fluid d18OH2O (‰ V-SMOW) versus depth.
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Figure 2.8: Downcore profiles of NH4 in  cores from GC 232 (cores 
97-2900-OM and 97-2900-WM).  
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Figure 2.9: Downcore values of fraction modern carbon (FM), 
radiocarbon age, and D14C for pore fluid DIC from core 00-3626-34
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Sample Name depth (cm) Fraction Age D 14C 
Modern C in DIC (years)
00-3626-34
34-1 -2 0.6297 ± 0.0032 3710 ± 40 -374.2
34-2 -5 0.53734 ± 0.0027 4990 ± 40 -466.0
34-3   -9 0.34557 ± 0.0016 8540 ± 40 -656.6
34-4   -12 0.34557 ± 0.0014 10900 ±  45 -744.2
34-5   -16 0.34557 ± 0.0013 13100 ± 55 -805.6
34-7   -23 0.34557 ± 0.0011 14300 ± 55 -832.3
34-8 -27 0.34557 ± 0.0031 14650 ± 150 -839.1
 
Table 2.6: Pore fluid DIC radiocarbon measurements core 00- 3626-PW34, GC 272 Area 1. 
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pore fluid DIC increases from 6297 years to 14,650 years at the core bottom.   Pore fluid D14CDIC  is 
shown in Figure 2.9C. D14C represents the permil departure of the sample activity, corrected for 
isotope fractionation, from the activity of the modern standard.  This way, a sample of “infinite” 14C age 
has a D14C of –1000 ‰. 
2.3.6:  Pore Fluid Chloride Concentrations 
 Bottom water chloride concentration is 589 mmol/L.  Pore fluids from seep sediments have 
chloride values ranging from 534 to 796 mmol/L. Plots of pore fluid Cl- concentrations with depth are 
shown in Figure 2.10.  Fluids from GC 232, GC 185, GC 272 Areas 2 and 3 show pore fluid chloride 
concentrations that are below baseline GOM deepwater values.  There appears to be a dip in the 
cores from GC 232 (Fig. 2.10A) in the top 10 cm.  Fluids from GC 272 Area 1 (Fig. 2.10B) have 
chloride values that are greater than GOM bottom water chloride contents and chloride increases 
downcore. 
2.3.7:  Pore Fluid pH 
 Bottom water pH is 8.0.  Pore fluids in background cores have a pH range from 7.5 to 8.  Pore 
fluids from seep cores usually have elevated pH values ranging from 7.7 to 9 (Fig. 2.11).  For samples 
from GC 232 and GC 185 (Fig. 2.11A) as well as samples from GC 272 Area 3 (Fig. 2.11A) there is an 
increase in the top 10 cm.  Below this level the pH is relatively constant.  Samples from GC 272 Area 1 
(Fig. 2.11B) display a small increase in pH with depth. 
2.3.8:  Pore Fluid Calcium (Ca), Magnesium (Mg), and Strontium (Sr) Concentrations 
 Ambient GOM water cation concentrations are 9.7 mmol/L, 50.6 mmol/L, and 84.5 mmol/L for 
Ca2+, Mg2+, and Sr2+, respectively. Relative to the overlying bottom water, the concentrations of these 
dissolved constituents are lower in the seep pore fluids and generally display a downcore decrease in 
the concentrations of Ca2+ Mg2+ and Sr2+ (Fig. 2.12, Fig. 2.13, Fig. 2.14).  Calcium concentrations in all 
cores show decreases with increasing depth in the sediment compared to background values.  
Calcium decrease to less than half the background value in the top few cm of cores from GC 232, GC 
185, and GC 272.  Fluids from GC 272 area show only minor decreases in  calcium with depth.   
Magnesium concentration for fluids from GC 232 and GC 185 show decreases in depth comparable to  
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Figure 2.10: Plots of pore fluid Cl- concentrations with depth. 
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Figure 2.11: Pore fluid profiles of pH with depth.  
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Figure 2.12: Pore fluid profiles of Ca2+ (mmol/L) with depth.  
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Figure 2.13: Pore fluid profiles of Mg2+ (mmol/L) with depth. (Note 
different scale on x-axis of plot for cores from GC 232 and GC 185.
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Figure 2.14: Pore fluid profiles of Sr2+ (mmol/L) with depth..
50 60 70 80 90
Sr2+ (mM/L)
-30
-25
-20
-15
-10
-5
0
d
ep
th
 (c
m
)
Sr 2+ vs Depth
GC 232 and GC 185
95-2647-4 
(background)
95-2647-M2
95-2639-PW2
97-2900-WMS
97-2900-OMP
GOM
0 50 100 150 200
Sr2+ (mM/L)
-30
-25
-20
-15
-10
-5
0
d
ep
th
 (c
m
)
Sr 2+ vs Depth
GC 272 Area 2
00-3627-56
 (background)
00-3627-53
00-3627-52
00-3627-50
GOM
0 50 100 150 200
Sr2+ (mM/L)
-30
-25
-20
-15
-10
-5
0
d
ep
th
 (c
m
)
Sr2+ vs Depth
GC 272 Area 1
00-3627-56
 (background)
00-3626-42
00-3626-34
00-3626-32
GOM
0 50 100 150 200
Sr2+ (mM/L)
-30
-25
-20
-15
-10
-5
0
d
ep
th
 (c
m
)
Sr2+ vs Depth
GC 272 Area 3
00-3627-60
00-3627-59
00-3627-56
(background)
GOM
A B
DC
GC 232
GC 185
71
  
 
72 
the profiles of calcium.  Fluids from GC 272 Area 1 have an area of excess Mg compared to 
background values in the top 5 cm, followed by a general downcore decrease in Mg.  Fluids from GC 
272 Areas 2 and 3 have Mg contents that are essentially equal to background values and show only 
minor variations with increasing sediment depth.   Pore fluid Sr from GC 232 and GC 185 show a 
decrease in Sr concentration with depth.  Fluids from GC 272 Area 1 have an area of Sr increase in 
the top few cm, although GC 272 Area 1 core 42 has Sr decreasing with depth.  Fluids from GC 272 
Areas 2 and 3  have Sr concentrations that are comparable to background values and are generally 
constant downcore.    
2.3.9:  Calculated Carbonate Saturation State of Pore Fluids  
Saturation index calculations (Tables 2.7 and 2.8) for apparent degrees of saturation DS'c, 
DS'a, DS'hmc, and DS'dol are plotted in Figures 2.15, 2.16, 2.17, and 2.18, respectively.  In the 
background cores , pore fluids are saturated or nearly saturated relative to calcite and supersaturated 
relative to dolomite, but are undersaturated relative to aragonite and high magnesian calcite. Pore 
fluids can be supersaturated with respect to Calcite, dolomite, high Mg-calcite, and aragonite while 
maintaining nearly normal salinity.  Note that for all of the cores the saturation values have positive 
values. 
 Calculations of carbonate saturation show that Cores from GC 232 are at the threshold of 
stability or near equilibrium for all carbonate species.  The cores from GC 232 do not display an 
overwhelming amount of carbonate saturation despite all of the evidence of extreme sulfate reduction 
and DIC and Alkalinity enrichments.  As will be discussed below the carbonate saturation calculations 
are affected by the processes that occur during carbonate precipitation.  GC 185 core 00-95-2647-M2 
is the most supersaturated core of all the ones presented here.  For each carbonate species core M2 
is extremely supersaturated, particularly for dolomite with Ds’dol values as high as 8100. Cores from 
GC 272 Areas 1 and 3 are supersaturated with respect to all the mineral phases while GC 272 Area 2 
is generally at or near equilibrium.  For all the cores their levels of saturation increase with depth over 
the length of the core. 
Sample Depth DS'(arag) DS'(cal) DS'(hmc) DS'(dol)
number (cm) (60atm) (60atm) (60atm) (60atm)
GC 232
97-2900-OM
O-1 -3 1.6 2.3 0.4 20.5
O-2 -6 0.8 1.1 0.2 5.4
O-3 -9 2.7 4.0 0.7 58.9
O-4 -12 1.3 1.9 0.4 22.8
97-2900-WM
W-1 -3 0.1 0.2 0.0 1.1
W-2 -6 1.0 1.5 0.3 7.0
W-3 -9 1.1 1.6 0.3 8.9
95-2639-PW2
2-2 -3 1.3 1.8 0.3 11.8
2-3 -5 1.5 2.2 0.4 18.0
2-4 -8 2.1 3.1 0.5 35.4
2-5 -11 1.2 1.8 0.3 12.8
2-6 -15 2.8 4.0 0.7 65.9
2-7 -18 2.6 3.7 0.7 60.5
2-8 -21 2.1 3.1 0.6 44.7
GC 185
95-2647-M2
2-1 -2 6.5 9.5 1.7 345.4
2-2 -4 26.8 38.9 7.0 6271.7
2-3 -6 28.1 40.9 7.3 6875.6
2-4 -9 22.3 32.4 5.8 4389.7
2-5 -12 26.6 38.7 7.0 6782.4
2-6 -15 27.7 40.2 7.4 8126.3
2-7 -18 26.0 37.8 7.1 7703.7
2-8 -21 22.1 32.1 6.0 5523.7
95-2647-#4
(background)
4-2 -2 1.0 1.5 0.3 7.1
4-3 -4 1.1 1.6 0.3 8.8
4-4 -6 0.4 0.6 0.1 1.3
4-5 -9 0.8 1.2 0.2 5.0
4-6 -11 0.7 1.0 0.2 3.0
4-7 -13 0.7 1.0 0.2 3.1
4-8 -16 0.6 0.9 0.2 2.6
4-9 -19 0.4 0.6 0.1 1.2
4-10 -21 0.3 0.5 0.1 0.9
 
 
Table 2.7: GC 232 and GC 185, (Bush Hill) pore fluids carbonate saturation. 
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Sample Depth DS'(arag) DS'(cal) DS'(hmc) DS'(dol)
number (cm) (60atm) (60atm) (60atm) (60atm)
GC 272 Area 1
3626 PC-32
32-1 -6 0.7 1.0 0.2 5.0
32-2 -10 2.8 4.1 0.8 77.5
32-3 -14 5.5 7.9 1.5 405.4
32-4 -18 8.1 11.7 2.4 1235.4
3626 PC-34
34-1 -2 1.1 1.6 0.3 11.6
34-2 -5 5.7 8.3 1.5 288.3
34-3 -9 7.7 11.2 2.0 561.4
34-5 -16 8.7 12.6 2.4 879.1
34-6 -19 5.3 7.6 1.5 380.8
34-7 -23 6.8 9.8 2.0 806.2
34-8 -27 8.5 12.4 2.5 1232.5
3626 PC-42
42-1 -2 4.7 6.8 1.3 297.2
42-2 -6 0.1 0.2 0.1 12.3
42-4 -14 1.1 1.6 0.4 44.8
42-5 -19 8.9 12.9 2.7 1579.5
GC 272 Area 2
3627 PC-50
50-1 -2 0.6 0.9 0.2 3.1
50-2 -6 0.6 0.8 0.1 2.8
50-3 -10 0.4 0.6 0.1 1.2
50-4 -14 0.6 0.9 0.2 3.7
50-5 -18 0.3 0.4 0.1 0.6
3627 PC-52
52-2 -6 0.8 1.1 0.2 4.6
52-4 -14 1.0 1.4 0.3 8.6
3627 PC-53 
53-1 -3 0.6 0.8 0.1 2.7
3627 PC-56
(background)
56-1 -2 0.4 0.5 0.1 1.2
56-3 -8 0.8 1.2 0.2 5.7
56-4 -11 0.7 1.0 0.2 4.4
56-6 -17 0.9 1.3 0.2 6.3
GC 272 Area 3
3627 PC-59
59-1 -2 6.4 9.3 1.7 439.6
59-4 -14 9.1 13.2 2.9 2084.1
59-5 -18 9.9 14.3 3.0 2020.5
3627 PC-60 
60-1 -2 12.4 18.0 3.4 1857.9
60-2 -5 9.8 14.3 3.0 1915.3
60-3 -9 9.2 13.3 2.8 1821.8
60-4 -12 5.6 8.1 1.8 977.6
60-5 -15 8.0 11.6 2.5 1427.4
60-6 -18 8.0 11.6 2.5 1394.0
60-8 -25 7.0 10.2 2.2 1143.2
 
 
 
Table 2.8: GC 272 pore fluids carbonate saturation. 
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Figure 2.15: Degree of calcite saturation (DS’c) with depth. Values of 
less than 1, 1, and greater than 1 indicate undersaturation, 
equilibrium, and supersaturation with respect to calcite, respectively.   
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Figure 2.16: Degree of aragonite saturation (DS’a) with depth. A 
values of less than 1, 1, and greater than 1 indicate undersaturation, 
equilibrium, and supersaturation with respect to aragonite, 
respectively.   
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Figure 2.17: Degree of high-magnesium calcite saturation (DS’hmc) 
with depth. A values of less than 1, 1, and greater than 1 indicate 
undersaturation, equilibrium, and supersaturation with respect to 
HMC, respectively.   
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Figure 2.18: Degree of dolomite saturation (DS’dol) with depth. A 
values of less than 1, 1, and greater than 1 indicate undersaturation, 
equilibrium, and supersaturation with respect to dolomite, 
respectively.   
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2.3.10:  Pore Fluid Results Summary 
The ways in which the pore fluids from sediments affected by hydrocarbon seepage are 
chemically distinct from the pore fluids in background, non-seep sediments are as  follows:  (1) seep 
fluids have lower sulfate contents,  (2) seep fluids have elevated hydrogen sulfide contents, (3) seep 
fluids have elevated levels of both DIC and carbonate alkalinity, (4) d13CDIC of seep fluids are more 
negative values, (6) seep fluids often contain less chloride than background sediments, (6) the pH of 
fluids from seep are often elevated above background values,  (7) values of the concentrations of 
Ca2+, Mg2+, and Sr2+ differ from background values (usually lower concentrations compared to 
background or GOM fluid sources), and (8) pore fluids are saturated or supersaturated with respect to 
calcite, aragonite, high-Mg calcite, and dolomite. 
2.4: Interpretation of Results 
2.4.1: Evidence of Microbial Im prints in Pore Fluids 
The depletion of pore-fluid SO4 (Fig. 2.2) accompanied by enrichment of H2S with depth (Fig. 
2.3) indicates that bacterial sulfate reduction has occurred within the surficial seep sediments and that 
the H2S was not produced though thermogenic processes in deep reservoirs.  This observation is 
confirmed by the inverse linear relationship between sulfate and sulfide concentrations (shown in Fig. 
2.19) as expected from microbial consumption of SO4 and accompanying production of H2S during 
anaerobic sulfate reduction using a hydrocarbon-derived carbon source. The concave-down shape of 
the sulfate curve is attributed to continuous SO4 reduction over depth.  Similar trends are observed 
over much greater depths in hydrate-bearing Blake Ridge sediments (Borowski et al., 1999).  
The kink-type SO4 profile observed in cores 95-2639-PW3 and PW4 (Fig. 2.2A) is potentially 
the result of reoxidation of H2S via Fe(III)-hydroxide.   Local mixing by tube dwelling organisms or CH4 
bubble ebullition may be the cause, but GOM seeps  experience little or no bioturbation.  
Enrichments in pore fluid DIC and Alkc values that increase with depth and are commensurate 
with the amount of sulfate consumed in each core are the direct result of microbial sulfate reduction 
reactions in the pore fluids.    The DIC content of the pore fluids increases to the point of complete 
sulfate depletion, then remains steady or drops off slightly. Alkalinity exhibits the same variability as  
05
10
15
20
25
30
P
or
e 
Fl
ui
d 
S
O
42
-  (
m
m
ol
)
0 10 20 30
Pore Fluid H 2S- (mmol)
Pore Fluid Sulfate vs. Sulfide
(All GOM Samples)
272-3
272-2
272-1
185
232
Background
Figure 2.19: Pore fluid sulfate (SO42- (in mmol/L) versus hydrogen sulfide 
(H2S- in mmol/L).
80
  
 
81 
DIC.  Elevated Alkc and DIC contribute to the formation of carbonates in seep sediments, so the 
maximum for DIC and Alkc associated with the sulfate minimum seen in most of the cores and 
followed by a decrease in both DIC and Alkc is a result of carbonate precipitation from the fluids.  
2.4.2: Stable Carbon and Radiocarbon Isotope Evidence of Hydrocarbons in Pore Fluids 
Depleted  d13CDIC values with depth are an indication of mixing of seawater DIC derived from 
more isotopically depleted hydrocarbon sources from below.  Interestingly, the pore fluid d13CDIC 
values approach maximum depletion in the first few centimeters and then are nearly constant to the 
bottom of the cores, meaning  that although there is a mixing between hydrocarbon and seawater DIC 
sources, the effects of the sulfate reduction/hydrocarbon oxidation reactions are prominent even at 
shallow subbottom depths.  
Pore fluid d13CDIC from GC 232 indicate that these  sulfate reductions reactions use 
thermogenic hydrocarbon sources. In contrast to pore fluids from GC 232, pore fluid d13CDIC values 
from several cores in GC 272 (Fig. 2.6B, 2.6D) indicate the presence of biogenic methane in these 
cores, particularly cores from around the mud volcano in GC 272 Area 1 (cores 00-3626-32, 34, and 
42).  Samples from gas hydrate-bearing sediments in GC 272 Area 3 cores (00-3627-59 and 60) 
represent biogenic gas hydrate accumulations and mixing of seawater DIC with biogenic methane on 
the basis of pore fluid chemistry with d13CDIC values as low as – 40 ‰ PDB.   
The decrease in D14CDIC values with depth for GC 272 Area 1 core 00-3626-34 (Fig. 2.9) 
indicates a mixing between “old” and “young” carbon sources, i.e. seawater DIC and hydrocarbons.   
This mixing is evidenced in the distinct relation between pore fluid d13C and D14C (Fig. 2.20) showing a 
correlation between depleted  d13C values and more negative D14C expected for hydrocarbon sources.   
2.4.3: Pore Fluid Evidence of Gas Hydrates 
The area of fluid freshening and heavy pore fluid stable oxygen isotope ratios in some cores 
(from GC 232, GC 185, and GC 272 Area 3), are indicative of shallow gas hydrate accumulation in 
those intervals.  A plot of pore fluid Cl- versus d18O (Fig. 2.21) shows that for sites GC 232, GC 185, 
and GC 272 Area 3 there are associated oxygen isotopes enrichments accompanying the low chloride 
values.   
Figure 2.20: Relationship  between pore fluid d13C and D14C 
showings a correlation between depleted  d13C values and more 
negative D14C. 
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Figure 2.21: Pore fluid d18O (‰ PDB) versus chloride (mmol/L).   
GOM bathyal waters have d18O = 1.4 ‰ (SMOW) and Cl-= 589 
mmol/L.  
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The elevated chloride values of fluids from GC 272 Area 1 (Fig. 2.10B) are the result of recent 
hydrate formation in the sediments.  Other constituents of the fluids (Mg2+, Sr2+) show increases over 
this interval as well.  The chloride values may also be the result of advection from below of high 
salinity fluids from the dissolution of subsurface salt diapirs.  Based on pore fluid oxygen isotopes and 
associated enrichments in pore fluid Ca2+ and Mg2+ values that are coincident with chloride 
enrichments as well as sulfate depletions and their associated Alk and DIC enrichments, the 
conclusion is made that the geochemical fingerprints of the pore fluids point to recent hydrate 
formation. 
2.4.4: Pore Fluid Evidence of Recent Carbonate Precipitation from Fluids 
All cores from GC 232 and GC 185 exhibit a decrease in calcium, magnesium and strontium, 
an indication of carbonate precipitation (Figs. 2.12A, 2.13A, 2.14A). These Ca2+ depletion profiles 
indicate the progressive removal of Ca2+ through the depths over which sulfate is being reduced and 
result from the net effects of Ca2+ addition mainly by diffusion from overlying seawater and Ca2+ 
removal by carbonate precipitation. The site descriptions either infer carbonate precipitation from 
these profiles or, occasionally, there is visual evidence of carbonate precipitation.  The cores also 
exhibit increases with depth in Mg/Ca and Sr/Ca ratios (Figs. 2.22A and 2.23A).  Depletion of Sr2+ with 
depth is evidence of the precipitation of Sr-rich aragonites. The distinct depletion of Mg with depth and 
the supersaturation with respect to magnesian calcite support the assumption that magnesian calcite 
precipitation also took place. Magnesian calcites are common authigenic minerals associated with 
hydrocarbon seeps in the GOM.  The depletions in these constituents are significantly larger than the 
amount of depletion caused by the pore fluids freshening caused by hydrate dissociation in the 
sediments.  
Fluids from GC 272 Areas 2 and 3 show downcore decreases in Ca2+ and Mg2+, but not for 
Sr2+ (Figs. 2.12B,D; 2.13B,D; 2.14B,D)  Mineralogical analyses of sediments from GC 272 (see 
Chapter 3) show that they contain dolomite and high-Mg calcite, but not aragonite, This explains why 
Sr2+ depletion is not associated with the other divalent cation depletions.  Interestingly, fluids in GC 
272 area 1 show slight elevation in Ca, Mg and Sr in the first few cm of the sediment, an artifact of ion 
exclusion during  hydrate formation in these sediments.  
Figure 2.22: Pore fluid profiles of Mg/Ca ratio with depth.  
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Figure 2.23: Pore fluid profiles of Sr/Ca ratios (x1000) with depth.  
Preferential removal of Ca2+ during the formation of carbonates 
causes increased Sr/Ca values.  In cases where Sr-rich aragonite is 
forming (i.e. GC 232 and GC 185) the increase is not as large in
areas where magnesian calcites or dolomite are formed.  
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Ratios of Mg/Ca and Sr/Ca for fluids from GC 272 areas 1 and 3 (Figs. 2.22C,D and 2.23C, D) 
also show  increases with depth  typical of carbonate formation from the extant fluids but these values 
are larger than the increases in GC 232 and GC 185 pore fluids.  This is because the removal of Ca2+ 
but not Sr2+ during the formation of non-aragonite carbonate species leads to larger increases in Sr/Ca 
values. 
2.5: Discussion 
2.5.1:  Evidence of Microbial Imprints in Pore Fluids 
(2.5.1a:  Sulfate Reduction and Anaerobic Methane Oxidation Processes in Seeps) 
The sulfate profiles of the pore fluids indicate bacterial sulfate reduction in the pore fluids.  
When sediments have high organic contents they tend to exhaust their available supply of oxidants 
closer to the sediment water interface than sediments with low organic content.  In marine sediments, 
oxidants enter the sediment at the sediment water interface and are progressively utilized in a 
thermodynamically determined order by microbes for the breakdown of organic matter as follows: 
aerobic respiration, denitrification, Mn (IV)-reduction, and Fe(III)-reduction. These reactions are 
typically restricted to the top few centimeters in normal marine sediments (Berner, 1964; Aller, 1980). 
Once the oxidants are consumed, sulfate-reducing bacteria assume the metabolic function of reducing 
dissolved sulfate to hydrogen sulfide while in the process oxidizing organic matter in an anoxic 
environment (in seeps, hydrocarbons are the predominant organic source). Therefore, the depletion of 
SO4
2- in marine sediments is the principal indicator of anoxia. When the supply of oxidants becomes 
depleted, CO2 becomes the most powerful oxidant and degradation of organic material is coupled to 
CH4 production via CO2 reduction and in some cases acetate fermentation.  Of these microbial 
pathways, sulfate reduction, anaerobic methane oxidation (AMO), and methanogenesis are the 
processes most related to hydrocarbon seep sediments in the GOM. 
Studies of lipid biomarkers and stable isotopes suggest that a consortium of sulfate-reducing 
bacteria and archea work in syntropy to mediate AMO in methane-rich sediments (Hinrichs et al., 
1999, Boetius et al., 2000; Orphans et al., 2001) via the  process of sulfate-dependant anaerobic 
methane oxidation: 
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CH4 + SO4
2- = HCO3
- +HS- + H2O    (5) 
The zone where sulfate reduction transitions to methane production corresponds to the zone 
of AMO, where methane from depth first encounters sulfate.  In the GC areas there is pervasive 
hydrocarbon seepage. In hydrate-bearing sediments the hydrocarbons dissolved in pore fluids around 
hydrates drive sulfate reduction and AMO.  Advection is the dominant mixing process, and fluids are 
forced through the sediment along faults by pressure gradients.  These seeping hydrocarbons and 
accumulated chemosynthetic biomass result in elevated organic carbon contents in the sediments as 
high as 15 weight % or higher.  The rates of AMO in this environment are orders of magnitude higher 
than in typical marine sediments (Aharon and Fu, 2000) and the excess supply of hydrocarbons 
means that the zone of AMO is not necessarily restricted to the base of the sulfate reducing zone as is 
seen in other environments where methane is the limiting constituent. Recent studies in GOM cold 
seeps from GC 234 sediments using molecular and lipid biomarker stable isotope analyses have 
clearly shown that anaerobic methane-oxidizing archea coexist with sulfate reducing bacteria (Zhang 
et al., 2002; Lanoil et al., 2001; Knittel et al., 2002) and have further shown that the hydrates 
themselves harbor many microbes (Lanoil et al., 2001).   
 Sulfate reduction rates calculated for the background core 95-2647-4 from GC 185 (Aharon 
and Fu, 2003)  show  maximum values of 1.6 mmol SO4 cm
-3 year-1. The maximum sulfate reduction 
rates measured in seep sediments reported by Aharon and Fu (2003) are 97 mmol SO4 cm
-3 year-1 for 
GC 232 sediments and 917 mmol SO4 cm
-3 year-1 for GC 185 in cores 95-2639-PW3 and 95-2747-M2, 
respectively, and show a logarithmic decrease with depth in the sediment.  These rates are 102 to 103 
times higher than the background sediment and are anomalous for cold, deep-sea sediments (Lin and 
Morse, 1991; Aharon and Fu, 2003).   
The sulfate reduction rates calculated for GOM seeps by Aharon and Fu (2003)  demonstrate 
that sulfate reduction rates in seep sediments are intermediate between deep-sea, organic-poor 
habitats ( as low as 0.0073 mmol SO4 cm
-3 year-1 , Bender and Heggie, 1984) and marine sediments 
from shallow, near-shore, organic carbon rich environments ( up to 13,510mmol SO4 cm
-3 year-1 , 
Habicht and Canfield, 1997).  Lin and Morse (1991) measured sulfate reduction rates in sediments of 
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the continental shelf and slope in the GOM and reported that the rates decrease exponentially with 
water depth.  The decreasing sulfate reduction rates with depth is a result of the decrease in organic 
matter deposition with increasing depth, which is  controlled by the rate of sedimentation.  In addition, 
at low sedimentation rates organic matter experiences oxic degradation in the surface sediments for 
extended periods of time relative to areas with rapid  sediment accumulation.  As a result, the quantity 
of labile organic matter buried in the sediment is reduced, resulting in low sulfate reduction rates (Lin 
and Morse, 1991).  
The amount and metabolic reactivity of the organic matter in sediments are the two most 
important factors controlling sulfate reduction rates and of these two factors the metabolic reactivity of 
the organic matter is much more important than merely its amount (Westrich, 1983).  Consequently, 
the higher sulfate reduction rates in seep sites studies here relative to the normal marine sediments 
are attributed to the addition of seeping hydrocarbons.  Even n-alkanes contained in hydrocarbons 
such as crude oil can be oxidized directly by sulfate-reducing bacteria (Reuter et al.,1994; Zengler et 
al., 1999; So and Young 1994).  It is to be expected the sulfate reduction rates coupled with anaerobic 
methane oxidation and the oxidation of other hydrocarbons in hydrate-bearing sediments tend to be 
higher than other deepwater settings (Aharon and Fu, 2003). 
In the hydrocarbon seep system, methane is just one of a diverse suite of seep-derived 
organic substrates that could fuel sulfate reduction (Brooks et al., 1984 and Aharon, 2000).  A variety 
of short- and long-chain alkanes and complex aliphatic and aromatic compounds can be oxidized by 
sulfate reducing bacteria (Rueter et al., 1994; Heider et al., 1999 and Spormann and Widdel, 2000); 
many such compounds are abundant in Gulf of Mexico seep sediments. For example, in addition to 
C1–C5 alkanes and oil (oil concentrations can be >500 ppm; Kennicutt et al., 1988a), a wide variety of 
other alkanes, alkenes and alkylbenzenes are present in Gulf of Mexico sediments (e.g., hexadecane, 
napthalene, phenanthrene, toluene, etc.; Kennicutt et al., 1988a and Kennicutt et al., 1988b). It is likely 
that most of the sulfate reduction in these Green Canyon sediments was coupled to the oxidation of 
hydrocarbons other than methane and  reduction rates may be limited by organic carbon availability (in 
cores with low rates) or by SO4
2-  availability (in cores with high sulfate reduction rates). 
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(2.5.1b:  Pore Fluid Carbon Chemistry (Alkalinity, DIC) Related to Hydrocarbon-Fueled Microbial 
Metabolism) 
 
Alkalinity and DIC are two variables that best describe the dissolved carbonate species is pore 
fluids of seeps (Aharon, 2000).  An effect of the AMO/sulfate reduction process is a marked increase 
in carbonate alkalinity (Alkc) and dissolved inorganic carbon (DIC) through the production of CO3
2- 
species and CO2  (see equations 1 and 2). The types of hydrocarbons utilized in these sediment is 
better determined though an appraisal of carbonate species dissolved in the pore fluids.  In cores 
where pore fluids show sulfate depletions, the contemporaneous DIC/Alkc enrichments provide 
evidence that these fluids are seawater sourced and the sulfate depletions are the result of microbial 
sulfate consumption and not advection of deep-sourced, sulfate-free water into the sediments.  If this 
were the case, the fluids would show not only sulfate depletions as the sulfate-free water mixed 
seawater pore fluids, but there would be lower DIC and Alkc enrichments.   
Aharon (2000) reviewed the chemical reactions representing sulfate reduction and described 
two pathways utilizing different types of reduced carbon substrates with distinct origins found in 
sediments around seeps, Nitrogen-deficient POM (crude oil or sedimentary organic matter of 
terrestrial or marine origin),  aliphatic hydrocarbons (CnH2n+1,e.g. CH4).  Either of these sulfate 
reduction pathways have the net affect of consuming sulfate, while in the process producing varying 
amounts of sulfide and carbonate species. 
A plot of pore fluid assays from an environment where light aliphatic gaseous hydrocarbons 
(CnH2n+2) undergo sulfate will converge along a 2:1 line in coordinates of Alkc and DIC because a mole 
of CO3
2- is released for each mole of SO4
2- consumed (Aharon, 2000), which effects the carbonate 
alkalinity by two units and DIC by one unit.  A crude oil substrate subjected to sulfate reduction can be 
recognized by pore fluids that cluster around a 1:1 line in coordinates of Alkc and DIC. 
Figure 2.24 plots Alkc versus DIC for the pore fluids in the GC 232 seeps.  For cores WM and 
OM, the fluid ratios plot near or above the 2:1 line, an indication of the microbial utilization of light 
aliphatic gaseous hydrocarbons.  From core 1995-2639-PW2 they cluster around the 1:1 line 
indicative of a crude oil substrate for sulfate reduction.  Points for all  three sample sites in GC 272 fall 
between the 2:1 and 1:1 trend lines.  Despite the visible evidence for microbial degradation of crude oil  
Figure 2.24: Plots of alkalinity and DIC in pore fluids. The pore 
fluids’ adherence to a line with a slope of 1 or 2 is a result of the 
carbon being derived from gas sources (methane, etc) or crude oil 
substrates, respectively.  
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in the sediments it is unlikely that crude oil is a dominant carbon source for the carbonates.  First, the 
crude oil in these sediments is found predominantly toward the bottoms of the cores, away from the 
zone of most intense sulfate reduction and in an area where almost all of the sulfate has been 
consumed.  The crude oil staining these sediments is quantitatively less important than the large 
amounts of massive hydrocarbon gases from hydrates in the sediments and additional dissolved gas 
and gas present in bubble form. Additionally, because the molecules of gaseous hydrocarbons are 
smaller than that of refractory crude oil (Ferry, 1997), it is reasonable to suggest that they are 
preferred by bacteria over crude oil.  In other settings, (e.g. Green Canyon 185, Sassen et al. 1994) 
crude oil is always extremely biodegraded.  Biodegraded crude oil may not be recently supplied to the 
surficial sediments and the biodegradation could have happened anywhere between the deep 
reservoir and the seafloor.  Most likely, as will be shown later, the decreases in  DIC and Alkc during 
carbonate precipitation from the pore fluids results in the lessening of DIC and Alkc that change the 
plots of these parameters.   
(2.5.1c:  Ammonia Evidence of Hydrocarbon-Fueled Sulfate Reduction in Pore Fluids) 
The microbial oxidation of hydrocarbons is also implied by the SO4/NH4 ratio (Fig. 2.25).  The 
low NH4 concentrations (only as high as 193 mmol/L) and their relation to decreasing sulfate indicate 
methane or other gaseous hydrocarbons are oxidized via sulfate reduction.  If oxidation of organic 
matter via sulfate reduction were exclusively responsible for the observed sulfate depletion (to values 
as low as 0.3 mmol/L in core  97-2900-OM), then more than 193 mmol of ammonia should be present 
in the pore fluids. Figure 2.25 shows a plot of SO4 versus NH4 for GC 232 pore fluids when the 
SO4/NH4 from GC 232 pore fluids is compared to a reaction of 53 mol SO4 with organic matter of a 
Redfield composition (after Greinert et al., 2002), less than 1 mol of NH4 would have been released.  
This is much less than the expected 20 mol of NH4 that should be released by this reaction, indicating 
that a nitrogen-deficient substrate must be involved in the sulfate-decreasing reaction. 
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2.5.2:  Stable Carbon and Radiocarbon Isotope Evidence of Hydrocarbons in Pore Fluids   
(2.5.2.a:  Pore Fluid d13CDIC Evidence of Hydrocarbon Venting) 
The most useful geochemical tracer of microbial utilization of hydrocarbons as energy and 
nutritional sources and the pathway of carbon through the chemosynthetic seep fauna which is 
imprinted in the pore fluids is provided by the distribution of carbon stable isotopes.  Pore fluid d13CDIC 
ratios allow for the determination of the hydrocarbon species subjected to bacterial processes.  The 
pore fluid DIC inherits its d13C value from the carbon containing hydrocarbon substrates in the 
sediments and there are distinct isotopic differences between the different organic and inorganic 
sources. The d13C values of hydrocarbons are substantially more negative than other marine carbon 
sources and remain practically unchanged during carbon cycling in seeps.  Crude oil from the northern 
GOM shows a d13C range of – 26 to –31‰ (Kennicutt et al., 1992) yet thermogenic  and biogenically 
derived methane and higher molecular weight gases (> C1) display a d
13C range of –35 to –70‰ (Rice 
1980).  Hydrocarbons in the sediment and dissolved in pore fluids include the following: thermogenic 
methane from gas hydrates (d13C approximately -45 ‰ PDB), higher-weight hydrate-forming (C2-C5) 
gases (mean d13C approximately -26 ‰ PDB), CO2 from hydrates, sediments, and vent gas (d
13C 
values ranging from +17 to –28 ‰ PDB) biogenic methane generated via fermentation or CO2 
reduction in situ (d13C as depleted at –90 ‰ PDB (Kaplan, 1994)) and residual CO2 from 
methanogenic processes (which has a range of generally isotopically-heavy values up to +20 ‰ PDB 
(Kaplan, 1994)). In addition to C1– C5 alkanes and oil (oil concentrations can be >500 ppm; Kennicutt 
et al., 1988a , a wide variety of other alkanes, alkenes and alkylbenzenes are present in Gulf of 
Mexico sediments (e.g., hexadecane, napthalene, phenanthrene, toluene, etc.; Kennicutt et al., 1988). 
In contrast to the hydrocarbon compounds, particulate organic matter formed in the photic zone of the 
GOM and incorporated in the seep sediments is enriched in 13C relative to hydrocarbons (d13C = ~ -
21‰ PDB, Goñi et al., 1997) making it distinguishable as a carbon source 
Although gases presently venting at GC 232 and GC 185 are dominantly thermogenic, 
(Sassen et al., 1998) that this may not always have been the case.  Carbon dioxide d13C values from 
sediments and hydrates at GC 185 (Sassen et al., 1999) indicate that there may be a component of 
  
 
95 
biogenic methane produced in situ by bacterial fermentation at the base of the sulfate reduction zone. 
Methanogenesis typically dominates when at least 90% of dissolved sulfate is removed from pore 
fluids. Most of the methane produced in situ is the product of bacterial reduction of CO2 by reaction 
with the H2 produced by sulfate reducers via carbonate reduction or acetate formation.  
During methanogenic reactions, isotopically light carbon is preferentially incorporated into the 
methane phase (d13C as depleted at –90 ‰ PDB) while the residual CO2 becomes isotopically heavier 
(Kaplan, 1994). The positive d13C values in the vent gas and hydrates are indicative of CO2 derived 
from methanogenic reactions within the shallow sediments or CO2 of deep thermogenic origin derived 
from the subsurface hydrocarbon system (Sassen et al., 1999b; Sassen and MacDonald, 1994) while 
depletion of 13C in CO2 is consistent with the bacterial oxidation via anaerobic microbial oxidation of 
hydrate bound methane or other hydrocarbons readily available in the sediment. All of the cores (with 
the exception of WM) show near complete consumption of pore fluid  sulfate within the top 15 cm (Fig. 
2.2).  Core 95-2647-M2 pore fluids are extremely sulfate-depleted (Fig. 2.2A) and pore fluid DIC from 
this core exhibits anomalously isotopically heavy d13C values compared to other cores (Fig. 2.6A).  
The d13C values of pore fluid DIC may reflect mixing of light CO2 formed during the oxidation of 
hydrocarbons with heavier CO2 formed as a by product of in situ methane generation. 
Plots of dissolved SO4 versus d
13CDIC allow for a check on the sources of hydrocarbons and 
fluids in the sediments and the type of microbial reactions proceeding in the sediment (Fig. 2.26).  
Figure 2.26A shows two major trends.  Fluids from cores 1997-2900-OM, 1997-2900-WM, 1995-3639-
PW2 show moderate to extreme sulfate depletions relative to background values with an associated 
depletion in d13C to values as light as -35‰ PDB.  This indicates sulfate reduction using a thermogenic 
hydrocarbon substrate.  Fluids from core 95-2647-M2 (Fig. 2.26A) from GC 185 show extreme sulfate 
depletions but have d13C values near -10‰ PDB.  These elevated d13CDIC values indicate in situ 
methane production during intense sulfate reduction and a consequent mixing of DIC from 
hydrocarbons, methane, and residual CO2.  Fluids from GC 272 Area 1  and Area 3 (Fig. 2.26B, 
2.26D) show extreme sulfate depletions relative to background values and associated d13C values 
decrease to lighter values as low as –52‰ PDB, which is a clear indication of sulfate reduction using a  
Figure 2.26: Pore fluid sulfate concentrations (mmol/L) versus d13CDIC.  
Mixing in plots C and D refers to mixing between end members with 
distinct  d13C ratios which are as follows:  Seawater DIC (0.6 ‰ PDB), 
Thermogenic Methane (-45 ‰ PDB), and Biogenic Methane (~ -60 ‰ 
PDB)
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biogenic substrate.  A plot of SO4/d
13CDIC that is more difficult to interpret is the one from GC 272 Area 
2 (Fig. 2.26C).  These fluids show very little sulfate consumption compared to background sediments 
(Fig. 2.2D), but have moderate d13C depletions These sediments have either experienced only minor 
amounts of hydrocarbon input, or have seen a recent influx of fluid from the overlying GOM bottom 
water and the observed chemistry is the result of mixing between seawater and seep-affected fluids.    
(2.5.2b:  Radiocarbon Measurements of Pore Fluid DIC From GC 272 Core 00-3626-34) 
As demonstrated above, the extremely light d13CDIC values in cores from GC 272 Area 1 mud 
volcano sediments  are indicative of a biogenic methane source for the pore fluid DIC.  Increasing 
stable isotope depletions with depth in core 00-3627-34 (Fig. 2.6B) indicate a mixing between 
seawater DIC sources with biogenic methane sources from below.   
As opposed to thermogenic hydrocarbons, biogenic methane may be formed either recently in 
the surficial sediment, or may have migrated into shallow sediment from deeper zones.   Coupled d13C 
and D14C measurements of pore fluid DIC allow for a determination of the provenance of the DIC 
enrichments for pore fluids from GC 272 Area 1.  Pore fluid DIC sources consisting of thermogenic 
hydrocarbons should have moderately negative d13C values and 14C-free D14C values (D14C = -1000 
‰).  Pore fluid DIC from biogenic methane produced in situ, should have extremely negative d13C 
values and intermediate D14C values reflective of the age of the organic material in the sediments.  
Pore fluid DIC sourced from biogenic methane from deep sources, or from methane produced from the 
reduction of hydrocarbons, should have extremely negative d13C values and 14C-free D14C values 
(D14C = -1000 ‰). 
Assuming d13C values of pore fluid DIC and biogenic methane of 0.6 ‰  and –60 ‰ PDB, 
respectively, mass balance calculations allow for the determination of the relative proportions of the  
two carbon pools in the mixed pore fluid DIC (calculations are shown in Table 2.9).  Figure 2.27 shows 
that the proportion of biogenic methane in pore fluid DIC for core 00-3626-34 is between 0.48 and 
0.87 (i.e. 48-87%). 
Sample Name depth (cm) Pore Fluid d13CDIC Pore Fluid D
14CDIC Fraction Bio-Methane Fraction of Seawater Carbon Calculated D
14CPF Measured D
14CPF
 d13CPF  D
14CPF Carbon in Pore Fluid DIC
a In Pore Fluid DICb Using calculated mixing relationships and (‰)
(‰ PDB) (‰) FB-M FSW assumed D14C values of end members c
34-1 -2 -28.3 -374 0.62 0.38 -617.7 -374.2
34-2 -5 -36.8 -466 0.48 0.52 -476.7 -466.0
34-3   -9 -41.0 -657 0.69 0.31 -686.0 -656.6
34-4   -12 -46.8 -744 0.78 0.22 -782.6 -744.2
34-5   -16 -50.0 -806 0.84 0.16 -835.7 -805.6
34-7   -23 -51.9 -832 0.87 0.13 -867.1 -832.3
34-8 -27 -50.2 -839 0.84 0.16 -839.0 -839.1
a: FB-M = (d
13Cmix - d
13CSW)/(d
13CB-M - d
13CSW) calculations assume d
13C Seawater DIC (d13CSW) = 0.6 ‰ PDB and d
13C biogenic methane (d13CB-M) = -60 ‰ PDB
b: FSW = 1 - FB-M 
c: FB-M = (D
14Cmix - D
14CSW)/(D
14CB-M - D
14CSW)  calculations assume D
14C of Seawater DIC (D14CSW) = -160 ‰ and D
14C biogenic methane (D14CB-M) = -1000 ‰
Table 2.9: Mass balance calculations for mixing between seawater and biogenic methane. 
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Figure 2.27: Proportion of pore fluid DIC that is from biogenic 
methane.  Determined using mass balance equations to determine 
mixing between seawater DIC (d13C = ~ 0 ‰) and biogenic methane 
(d13C = -60 ‰) and measured pore fluid d13CDIC values. 
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Using the proportions of seawater DIC and carbon from biogenic methane in the pore fluid 
DIC calculated using stable isotope mass balances from core 34 (Table 2.9) and assumed D14C values 
of  two carbon sources allows for a calculation of expected D14CDIC  values which can be compared to  
measured values of pore fluid D14C.  GOM seawater has D14C of –160 ‰ (Matthews et al. 1972).  The 
D14C of biogenic methane may have a range of values.  Biogenic methane produced in situ via CO2 
reduction or acetate fermentation will have radiocarbon content reflective of the age of the organic 
matter from which it is formed.  Biogenic methane from deeper sources will consist entirely of “dead” 
carbon (D14C = -1000 ‰).  Results of these calculations are shown in Table 2.9. 
Figure 2.28 compares calculated and observed values of D14C with depth (reviewed in Table 
2.9) using the calculated proportions of seawater DIC and biogenic methane assuming a D14C value of 
–1000 ‰ for the methane and D14C value of –160 ‰ for seawater DIC.  There is a close overlap 
between the calculated and measured radiocarbon values, confirming the assumed D14C value of –
1000 ‰ for biogenic methane from GC 272 mud volcano sediments. The D14C  data show no 
contribution to the biogenic methane from modern carbon in shallow sediment from GC 272 Area 1 
other than from GOM seawater.  This observation suggests that not enough shallow biogenic methane 
derived from modern carbon is generated or survives the shallow seal failure and microbial oxidation 
to affect the D14C  of methane that vents from the seafloor at the GC 272 study site.  The bulk of the 
venting methane is therefore of deep fossil origin.  This result confirms recent work by Sassen et al. 
(2003) which presents evidence that there are seeps in Green Canyon lease blocks 185, and 286 
where fossil biogenic methane is charging sea floor vents as well as providing fossil biogenic methane 
to the Genesis Field (GC 205, 161, 160). 
(2.5.2c:  Significance of Fossil Methane Sources to GC 272 Area 1) 
Questions remain concerning the role of modern carbon in methanogenesis and the maximum 
depth of methane sources in the GOM continental slope.  Biogenic methane is commonly believed to 
be derived via microbial reduction of CO2 from oxidation of several carbon pools in marine sediments 
at geologically shallow depths (Whelan et al., 1986).  Biogenic methane is thought to form at shallow 
depths in the GOM shelf and slope, and thermal hydrocarbon gases from deep source rocks migrate  
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vertically into areas of biogenic methane accumulation, resulting in a mixture of methane from multiple 
sources that is later deeply buried (Schoell and Clayton, 2002; Beeunas et al., 2001).  This shallow-
formation hypothesis assumes that much bacterial methane survives deep burial and remains trapped 
in reservoirs during multiple stages of structural inversion (Sassen et al., 2003). Whelan et al. (1986) 
propose that methanogenesis continues at greater depths. 
If significant biogenic methane in deeply buried reservoirs is not wholly derived from a shallow 
source, then modified or new hypotheses may be necessary to explain the possibility of deeper 
sources of bacterial methane.  Sassen et al. (2003) show  that vent gas from a site on GC 185 is 100 
% methane and the isotopic and molecular properties appear consistent with a biogenic source.  
However the D14C value of the methane (-997‰) is consistent with fossil carbon and inconsistent with 
modern carbon.   
There have been no reports of direct evidence of living microbes in the deep section of Green 
Canyon or the GOM continental slope.  The dynamic subsurface petroleum system of the GOM slope 
is not generally regarded as part of the deep microbial biosphere, possibly because the subject has 
not been adequately researched.  Perhaps rapid burial of the newly defined microbial communities 
underlying hydrocarbon seeps (Zhang et al., 2002, 2003) is a mechanism for bringing viable microbial 
consortia that do not require free oxygen to great depth in the GOM slope (Sassen et al., 2003).   
2.5.3:  Pore Fluid Evidence of Gas Hydrates 
(2.5.3a:  Gas Hydrate Effects on Pore Fluid Chlorinity, d18O) 
All of the Green Canyon sites are at the threshold of the pressure/temperature limits of gas 
hydrate stability (Milkov et al., 2000).  In addition to the fact that the sediment cores were directly 
sampled from outcropping gas hydrate accumulations, the presence of gas hydrates at the site is 
evidenced by direct visual observations (particularly in cores 00-3627-42 and cores from GC 272 Area 
3) and from the geochemistry of pore fluids. Pore fluids from the cores from GC 232, GC 185, and GC 
272 Area 3 display an inverse relation between Cl- concentrations and d18O values (Fig. 2.21), typical 
of gas hydrate decomposition within the sediment (Hesse and Harrison, 1981) but in this instance is 
most likely the result of extant gas hydrate sublimation during the submersible ascent to surface 
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temperatures and pressures. Deformed vein-filling gas hydrates and gas hydrate nodules have been 
observed exposed on the flanks of gas hydrate mounds at the GC 185 and GC 232 sites (Sassen et  
al., 1999c) identical to the types observed at the GC 232 sample site.  Pore fluids from GC 272 Area 1 
show positive Cl- values over seawater concentrations, and is the result of recent hydrate formation 
during a new episode of fluid venting to the shallow subsurface. 
During gas hydrate growth in sediments, dissolved ions (such as Na+ and Cl-) are excluded 
from the gas hydrate structure and water molecules are incorporated into gas hydrate. This process 
acts to increase the salinity of the surrounding pore fluids (Figure 2.29B) (Ussler and Paull, 2001).  
Chloride concentrations are often used to monitor the effects of ion exclusion (because chloride is 
generally a non-reactive, conservative species in shallow sediments (McDuff et al., 1978)).  This “ion 
exclusion” effect is proportional to the amount of gas hydrate that forms in the sediment.  Gas hydrate 
formation is also associated with the preferential incorporation of water containing the heavier isotopes 
into the gas hydrate structure (Trofimuk et al., 1974).  This process is analogous to the isotopic 
fractionation between liquid water and ice (O’Neill, 1968).  As a result, water molecules in the residual 
pore fluid become relatively isotopically lighter during gas hydrate growth.  
 Sampling of hydrate-bearing sediments via coring causes artificial hydrate melting during core 
recovery and squeezing and has the same effects on pore fluids as melting at the base of the hydrate 
stability zone, i.e. freshening and 18O enrichment.  During the sampling process, these effects are an 
artifact of sample handling. Freshwater release by hydrate dissociation affects all major ions in the 
same way as Cl-.  This dilution reinforces the downcore decrease of many ionic species caused by 
other processes, such as carbonate precipitation (Lowering of [Mg2+], [Ca2+], and [Sr2+]). 
In summary, the formation of gas hydrates in sediments results in elevated chloride 
concentrations and depleted d18O values in residual pore waters. Conversely, during gas hydrate 
decomposition, pure water released by decomposing hydrates will dilute pore fluids and shift d18O 
towards more positive values (Ussler and Paull, 1995).  These two effects, downward chlorinity 
decrease and d18O increase, if coupled, are sufficient indicators for the occurrence of gas hydrates,  
Figure 2.29: (A) Starting pore fluid salinity in seawater-sourced pore 
fluids.  (B) During gas hydrate growth in sediments, dissolved ions 
(such as Na+ and Cl-) are excluded from the gas hydrate structure 
and water molecules are incorporated into gas hydrate. This process 
acts to increase the salinity of the surrounding pore fluids  (C) When 
the freshwater released by sublimating hydrate is remixed with the 
remaining reduced volume of pore water, freshening occurs even if 
the chlorinity of the pore water may have been elevated over that of 
seawater due to the salt exclusion effect
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even if no other evidence is available (such as vigorous degassing of cores, low  temperatures 
measured during initial core inspection, or a BSR on seismic profiles). 
(2.5.3b:  Calculation of Gas Hydrate Amounts from Chloride Anomalies) 
Ussler and Paull (2001 and 1995) used simple mass balances to compute the effect of gas 
hydrate formation and decomposition on pore water chloride concentrations. These calculations do not 
depend on porosity because the amounts of hydrate and pore water are computed on a proportional 
basis.  Figures 2.30 and 2.31 show results of calculations (After methods of Ussler and Paull 2001 and 
1995, results of calculations are summarized in Tables 2.10 and 2.11) of percent pore space occupied 
by solid gas hydrate for cores with low chloride values caused by in situ hydrate decomposition and for 
areas that have elevated chloride values that are the result of recent hydrate formation in surficial 
sediments.  GC 232 cores OM and WM contain up to 10% hydrate by volume in the sediment pore 
space.  Other cores contain between 5-10% pore space volume solid hydrate.  Tables 2.10 and 2.11 
also show the amount of hydrate in m3 hydrate/m3 sediment and the amount of methane (a 
simplification assumes 100% methane hydrate) in 1m3 of sediment at surface pressure and 
temperature.  Sediments with 10% of the pore space filled with solid gas hydrates have a methane 
content at standard temperature and pressure of 7m3 CH4/m
3 sediment or 310 moles of CH4/m
3 of 
sediment.  These large methane contents are important when dealing with calculating the amount of 
hydrate from chloride anomalies, but these numbers do not reflect the amount of hydrocarbon gases 
present that are either dissolved in the pore fluids or that are present in bubble form.  One m3 of solid 
gas hydrate contains 140 m3 of gas at standard temperature and pressure.  Compressed gas occupies 
1m3 at the depths here  occupies ~64m3 of gas at the surface and only  1.8 m3 of gas (at STP) can be 
dissolved in 1m3 of seawater at depth.  This means that if any hydrate is present its volume 
overshadows any amount of gas dissolved in the pore fluids  or found as bubbles. Exclusion of these 
other forms of methane does not add huge errors to estimates of hydrocarbons in the sediments.   
Assuming chloride enrichments in cores from GC 272 Area 1 are formed by recent hydrate 
formation these sediments contain up to 35% hydrate by volume (Table 2.11, Fig 2.31).  This 
corresponds to 1100 moles of CH4/m
3 sediment.   
Sample Name depth (cm) Volume Fraction Pore Volume Volume CH4 (m3) contained in Amount CH4  (moles) contained in 
Filled With Hydrate 1m3 of sediment at STP 1m3 of sediment at STP
GC 232
97-2900-OM
OM-1 -3 8.5 6.0 266
OM-2 -6 8.8 6.2 275
OM-3 -9 6.2 4.3 194
OM-4 -12 0.0 0.0 0
97-2900-WM
WM-2 -6 0.0 0.0 0
WM-3 -9 10.0 7.0 313
WM-4 -12 9.5 6.7 297
WM-5 -15 1.0 0.7 31
WM-6 -18 3.0 2.1 94
95-2639-PW2
PW2-2 -3 5.5 3.9 172
PW2-3 -5 3.0 2.1 94
PW2-4 -8 1.5 1.1 47
PW2-5 -11 2.0 1.4 63
PW2-6 -15 1.0 0.7 31
PW2-7 -18 1.5 1.1 47
PW2-8 -21 1.0 0.7 31
GC 185
95-2647-M2
M2-1 -2 2.5 1.8 78
M2-2 -4 8.5 6.0 266
M2-3 -6 1.9 1.3 59
M2-4 -9 1.9 1.3 59
M2-5 -12 2.5 1.8 78
M2-6 -15 3.0 2.1 94
M2-7 -18 2.5 1.8 78
M2-8 -21 3.0 2.1 94
GC 272 Area 2
00-3627-50
50-1 -2 2.5 1.8 78
50-2 -6 5.0 3.5 156
50-3 -10 2.5 1.8 78
50-4 -14 2.0 1.4 61
50-5 -18 1.3 0.9 41
00-3627-52
52-1 -2 0.1 0.0 2
52-3 -10 2.5 1.8 78
52-4 -14 5.0 3.5 156
GC 272 Area 3
00-3627-60
60-1 -2 5.0 3.5 156
60-2 -5 8.8 6.2 275
60-3 -9 8.5 6.0 266
60-4 -12 6.5 4.6 203
60-5 -15 7.0 4.9 219
60-6 -18 5.0 3.5 156
60-7 -21 8.0 5.6 250
60-8 -25 6.5 4.6 203
 
 
Table 2.10: Volume fraction of pore volume containing gas hydrate. 
Calculated for cores which display pore fluid freshening. 
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Sample Name depth (cm) Volume Fraction Pore Volume Volume CH4 (m3) contained in Amount CH4  (moles) contained in 
Filled With Hydrate 1m3 of sediment at STP 1m3 of sediment at STP
GC 272 Area 1
00-3626-32
32-1 -6 11 8.0 356
32-2 -10 6 4.3 191
32-3 -14 14 9.8 438
32-4 -18 17 11.6 519
00-3626-34
34-1 -2 14 9.8 438
34-2 -5 19 13.5 603
34-3 -9 25 17.2 769
34-6 -19 30 20.9 934
34-7 -23 33 22.8 1019
34-8 -27 35 24.6 1100
00-3626-42
42-2 -6 1 0.5 22
42-3 -10 4 2.7 122
42-4 -14 3 2.1 94
42-5 -19 1 0.7 31
 
 
Table 2.11: Volume fraction of pore volume containing recently formed gas hydrate. 
Calculated for cores with elevated chloride values. 
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Figure 2.30: Results of calculations (calculations are summarized in Table 2.10) of 
percent pore space occupied by solid gas hydrate for cores with low chloride values 
caused by in situ hydrate decomposition. 
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Figure 2.31: Results of calculations (Calculations are summarized in Table 2.11) of 
percent pore space occupied by solid gas hydrate for cores from areas that have 
elevated chloride values that are the result of recent hydrate formation in surficial
sediments. 
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These amounts of hydrate in the sediments are considerably lower than would be expected for 
cores sampled directly through hydrate mounds.  This indicates that the hydrates sampled were of the 
disseminated vein-filling type as opposed to the massive hydrates seen at these GOM sites.  Perhaps  
the core barrels could not penetrate the hard substrate of the hydrate ice and the samples here 
represent the overlying sediment cover of a larger hydrate accumulation.  
The gas hydrate contents calculated for the Green Canyon seep sites are comparable to other 
observations of marine gas hydrate accumulations.  Results from ODP site 997 give low hydrate  
concentrations, on average 2-3% of the pore space in the hydrate zone between 24 m and 452 m sub-
bottom depth (Egeberg and Dickens, 1999).  A concentration this low is unexpected considering the 
exceptional BSR seen in seismic profiles from the Blake Ridge.  Geophysical methods, which use the 
seismic velocity increase and amplitude reduction caused by the presence of hydrates, yield higher 
average values for the black ridge drill sites, varying according to different methods and authors 
between 4% and >10% of the pore space (Hesse, 2003).  Mazurenko et al. (2003) estimate gas 
hydrate in mud volcano sediments from the Moroccan Margin to be 4-19% of the pore space on the 
basis of chloride anomalies. 
2.5.4:  Pore Fluid Evidence of Recent Carbonate Precipitation from Fluids 
In addition to chemosynthetic fauna, massive carbonates (Roberts and Aharon, 1994) 
associated with seeps serve as prominent indicators of microbial activity and the carbonate buildups 
are the most visible geological products of seeps.  The microbially mediated sulfate reduction/AMO 
reactions increase alkalinity (by production of bicarbonate) and stimulate carbonate precipitation. 
Furthermore, enhanced carbonate precipitation is predicted at the sulfate/methane boundary where 
focused AMO may produce sharp increases in pore fluid alkalinity (Raiswell, 1988; Blair and Aller 
1995). The carbonate buildups serve as a detailed record of these processes long after seepage has 
ceased and the chemosynthetic communities have disappeared. Seep carbonates are therefore 
extremely valuable for identification and reconstruction of hydrocarbon seepage in the geologic record 
(Aharon, 2000).  The study of pore fluids allows these permanent records to be deciphered with 
respect to the microbial processes which they preserve, long after the fluids are gone.  To this end, a 
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link must be established between microbial alterations of pore fluid chemistry and  carbonate 
formation.  Determining the controls on carbonate mineralogy and quantifying the effects of microbes 
on the partitioning  of major and trace elements between pore fluids and carbonates can be of great 
advantage in the goal of establishing the influence of microbial processes on the interpretation of 
carbonates found at modern or extinct seeps.  
In pore fluids that are supersaturated with respect to carbonate, the degree of saturation is a 
function of the concentration of  Ca2+ and CO3
2- ions. Pore fluids in seeps commonly originate from 
the overlying sea water and the initial concentration of Ca2+ and Mg2+ should be fixed (Aharon, 2000).  
A  mechanism to significantly achieve supersaturation is to change the amount of dissolved carbonate 
produced by microbial processes, particularly the development of high alkalinity conditions.  
Establishment of high alkalinity in the pore fluids also enhances carbonate precipitation because of 
higher pH which shifts the carbonate equilibria toward the carbonate ion. Pore fluid pH is elevated 
above GOM bottom water values for all the cores that experience seepage (Fig. 2.11).  Carbonate 
precipitation will also alter the amounts of Ca and Mg during precipitation of Mg-calcite or dolomite, 
and the concentrations of Ca and Sr during the precipitation of Sr-rich aragonite.  
Considering that calcium (as well as strontium and magnesium) required for the formation of 
carbonates is generally provided by diffusion from overlying seawater, changes in interstitial fluid 
compositions, particularly in dissolved Ca2+, Mg2+, and Sr2+ concentrations, are potentially useful 
indicators of carbonate diagenesis (Rodriguez et al., 2000).  Aragonite, magnesian calcite or dolomite 
precipitates will produce predictable changes in interstitial Ca2+, Mg2+, and Sr2+. Specifically, the 
concentration of all three cations decreases, while the values of Mg/Ca and Sr/Ca increase as seen in 
the pore fluids form the pore fluids from the cores in this study. 
Dolomite has been reported in modest amounts in the authigenic carbonates from 
hydrocarbon seepage sites (Roberts and Aharon, 1994). The depletion of sulfate and the high 
supersaturation with respect to dolomite in pore fluids are the two conditions that promote dolomite 
precipitation in certain seeps areas (Mazullo, 2001). The presence of sulfate has been shown 
experimentally to inhibit both Mg-calcite and dolomite precipitation (Baker and Kastner, 1981; Kastner, 
1984).  In GC 272  Area 1, sulfate is rapidly depleted to near zero at the very top of the core  due to 
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rapid sulfate reduction. Thus, dolomite nucleation would be expected to occur below the sediment 
depth where the sulfate concentration approaches zero. In addition, pore fluids from all cores are 
highly supersaturated with respect to dolomite which may help overcome the low-temperature kinetic 
barriers to the precipitation of dolomite, but also reflects that the kinetic barrier to dolomite formation is 
actually working. 
2.5.5:  Effects of Authigenic Carbonate Rock Formed From the Pore Fluids 
(2.5.5a:  Effects of Carbonate Precipitation on Residual Pore Fluid Alkalinity and DIC: Implications for 
Hydrocarbon Sources in Fluids) 
 
For the carbonate precipitation reaction (simplified here as Ca2+ + CO3
2- ® CaCO3) each 
mmol of CaCO3 produces the consumption of 1 mmol Ca
2+ and 1 mmol CO3
2- from the pore fluids.  
Consumption of 1 mmol of CO3
2- results in a decrease of pore fluid DIC by 1 mmol.  Pore fluid 
carbonate alkalinity is equal to the sum of  HCO3
- and 2CO3
2-.  Alkalinity is reported in milliequivalents, 
which is based on the charges of the dissolved species.  Therefore, the removal of 1 mmol/L of CO3
2-, 
lowers the alkalinity by 4meq/L.  Indeed, rapid carbonate precipitation can consume enough DIC and 
calcium to shift the carbonate saturation states of the fluids to undersaturated values.   
Assuming that the pore fluids are seawater derived, the starting concentration of Ca2+ in the 
fluids should be approximately 10 mmol/L.  For fluids where Ca2+ values are lower than 10 mmol/L the 
decrease is due to carbonate precipitation which consumes Ca2+ and CO3
2- in essentially equal 
amounts. If pore fluid DIC drops by 1 mmol/L and alkalinity drops by 4 meq/L for each mmol Ca2+ and 
CO3
2- consumed, Figure 2.32 shows the results of adding 1 mmol/L to the measured DIC values and 4 
meq/L to measured alkalinity values  for each mmol/L the measured Ca2+ are below seawater values.  
These plots show the products of sulfate reduction without the effects of carbonate precipitation.  In 
the new plots of alkalinity versus DIC the values converge along the 2:1 line which are indicative of a 
gaseous hydrocarbon source. 
The effects on carbonate saturation in the pore fluids caused by influx of seawater and by the 
dissociation of hydrates in the sediments have different, and somewhat counterintuitive effects. The 
use of both calcium and DIC from the pore  fluids during carbonate formation from the pore fluids has 
a drastic effect on the carbonate saturation states of the pore fluids.  Calculations of pore fluid  
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carbonate saturation states in sediments from GC 232 with extremely lowered Ca2+ concentrations 
show that if seawater calcium values are substituted for the depleted values, the saturation states 
jump into supersaturation with respect to all of the carbonate species.  This means that in fluids that 
are strongly affected by seepage, influx of seawater may have the effect to create a pulse of 
carbonate formation instead of the expected effect of halting carbonate production by introducing 
fluids with low DIC and alkalinity values.  Particularly important are the effects of late stage influx of 
sulfate rich seawater and its effect of the formation of aragonite and high-Mg calcite.   
Conversely, the release of freshwater from hydrate sublimation may produce a situation where 
the conditions necessary for carbonate formation may be changed to levels of undersaturation.  This is 
contrary to the expected increase in carbonate formation that might be expected by the introduction of 
additional hydrocarbons into the fluids that had been previously sequestered in the sold hydrate and 
may have been shielded from bacterial utilization.   
(2.5.5b: Volume of Authigenic Carbonate Rock Formed from the Pore Fluids)   
Assuming a sufficient supply of hydrocarbons and sulfate, dissolved calcium is the limiting 
constituent on the formation of carbonates from the Green Canyon seep sediment pore fluids.  GOM 
bottom water contains 10 mmol/L dissolved Ca2+, which corresponds to 0.01 mmol/ml (which equals 
0.01 mmol/cm3).  Assuming 50% porosity, the sediments contain 0.005 mmol Ca2+/cm3.  The 
carbonates that form in these sediments, if represented as CaCO3, have a molecular weight of 0.1 
g/mmol, so that 1 cm3 of sediment has the capacity to precipitate 0.0005gCaCO3/cm
3 (500g 
CaCO3/m
3).   
Sediment of 50% porosity containing pore fluids of GOM composition contain enough 
dissolved calcium to precipitate 0.0005g CaCO3/cm
3, equivalent to 500g CaCO3/m
3.  Assuming 50% 
porosity where half of the sediment is fluid and half the sediment is mixed siliciclastics/carbonate (with 
densities of 1g/cm3 and 2.7 g/ cm3, respectively) the sediment has a bulk density of 1.85 x 106g/m3.  
The seawater-derived pore fluids present in the pore space may form up to 500gCaCO3/1,850,000g 
sediment, or 0.027 weight % carbonate., far less than actually contained in the sediments. 
For these sediments, which may be as much as 75 wt.% carbonate, there must be a constant 
diffusive supply of calcium (as well as sulfate) from the overlying seawater for the precipitation of 
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carbonate to proceed. A carbonate content of 50 weight percent is equal to 925,000g 
CaCO3/1,850,000g sediment or 0.985 gCaCO3/cm
3 which is equal to 9.25 mmol CaCO3/cm
3.  
Compared to the pore fluid composition of 0.005 mol Ca2+/cm3, the pore fluids initially contain 1.85 x 
104 too little Ca2+ to produce 50 weight percent carbonate. This means the carbonates must form at or 
near the sediment-water interface. Additionally, for carbonates forming within the top few centimeters 
of the sediment, there must be diffusive transport of calcium and sulfate-containing fluids from 
seawater. 
2.6:  Summary and Conclusions 
Investigation of pore fluid chemistry from the GOM continental slope has illustrated the 
specific imprints of hydrocarbon seepage and associated microbial processes in  seep sediments.  
Seeping hydrocarbons stimulate bacterial sulfate reduction reactions that produce sulfide and alkalinity 
enrichments in the fluids.  Compared to background sulfate  and sulfide values (29 mmol/L and 
~0mmol/L, respectively), all of the seep sediments have lowered sulfate and elevated sulfide, a direct 
result of microbial sulfate reduction in the sediments.  The sulfate depletions occurr in the top 10 cm of 
the sediment.  Associated with this sulfate consumption is the production of bicarbonate and CO2 
which acts to increase the pore fluid DIC and alkalinity to values as high as 33 meq/L and 18 mmol/L, 
respectively, compared to background values of approximately 2 meq/L and 2 mmol/L, respectively.   
Measurements of d13CDIC create a fingerprint for different hydrocarbons influencing the seep 
sediments and show that the seeping hydrocarbons are of varied types.  Seeps from GC 232 and GC 
185 have d13CDIC derived from deep hydrocarbon reservoirs that provide thermogenic hydrocarbon 
and crude oil to surficial sediments (GC 232 d13CDIC averages –25 ‰ PDB, GC 185 d
13CDIC averages –
12 ‰ PDB).  GC 185 pore fluid d13CDIC  are isotopically heavy (GC 185 d
13CDIC  ranges from –9.2 to –
15.8 ‰ PDB) and thus have an additional imprint of biogenic methane formed via in situ fermentation.  
GC 272 sediments experience seepage from a mixture of biogenic methane and thermogenic 
hydrocarbons (with GC 272 d13CDIC as isotopically light as –52 ‰ PDB).  Radiocarbon measurements 
of pore fluid DIC from mud volcano sediments in GC 272  with D14C ranging from –374 to –839 ‰ 
provide evidence of fossil biogenic methane delivered from depth, in contrast to the formation of 
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biogenic methane from the organic material in shallow sediments.  This finding may require a 
reappraisal of the depth of biogenic methane generation in the crust.    
This study traces the effects of gas hydrate formation and decomposition on pore fluid 
geochemistry for the first time in GOM seeps.  Pore fluid chloride concentrations from GC 232 and 185 
as low as –530 mmol/L are lower than background values of  ~600 mmol/L for GOM bottom water and 
provide evidence of the effects of gas hydrate decomposition.  In sediments from GC 232 and GC 185 
5-10% of the pore space contains gas hydrate.  Elevated chloride content from GC 272 sediments as 
high as 796 mmol/L are interpreted to the result of recent gas hydrate formation in these sediments.  
GC 272  sediments contain up to 35% of the pore space gas hydrate. 
The chemical composition of pore fluids allows for the formation processes carbonates to be 
traced step by step from the presence of hydrocarbons to the formation of permanent hardgrounds.  
The by-products of bacterial metabolism both fuel the sulfide dependent metabolisms of 
chemosynthetic seep fauna, but also contribute to the precipitation of authigenic carbonates, as 
evidenced by the fluids from every core being supersaturated with respect to calcite, aragonite, Mg-
calcite, and dolomite. The depletion of carbonate-forming constituents in the pore fluids (Ca contents 
as low as 7 mmol/L compared to  10 mmol/L for GOM bottom water, Mg contents as low as 45 mmol/L 
compared to  ~60 mmol/L for GOM bottom water and Sr; as well as increases in Mg/Ca and Sr/Ca) is 
evidence of recent and ongoing carbonate precipitation from the pore fluids.  Pore fluids from these 
sediments only contain enough calcium to form sediment with 0.02 wt. % carbonate.  This implies that 
the processes of carbonate formation must occur at or near the sediment -water interface to ensure 
ample supplies of the carbonate-forming constituents from the overlying seawater.   
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CHAPTER 3: 
 CARBONATE PRECIPITATION DRIVEN BY SUBMARINE 
HYDROCARBON VENTING: EVIDENCE FROM THE GULF OF MEXICO 
 
3.1: Introduction 
On the northern GOM continental slope, hydrocarbon seepage into near-seafloor sediments is 
pervasive.  Solid gas hydrates occur within the sediment.  These hydrates occasionally outcrop on the 
seafloor at relatively shallow depths (> 200 m) because of the inclusion of higher-weight hydrocarbons 
(C2 to n-C5) which expands the stability field of the methane-based hydrates so that they can survive 
at lower pressures and higher temperatures (Sloan, 1990).  Gulf of Mexico gas hydrates are 
composed of either biogenic and/or thermogenic methane which, after being cycled through the 
hydrate system, is often subjected to bacterial oxidation.  Sulfate reduction and anaerobic methane 
oxidation (AMO) reactions in which organics and hydrocarbons are oxidized via the reduction of 
sulfate raise the sediment pore fluid dissolved inorganic carbon content (DIC) and carbonate alkalinity 
(Alkc), resulting in supersaturation and subsequent precipitation of carbonates (Aharon, 2000). 
Hydrocarbon-derived carbonates have previously been reported from hydrate-free seep 
settings (off Pakistan, Von Rad et al., 1996; the Cascadia subduction zone, Ritger et al., 1987; Gulf of 
Mexico Roberts et al., 1992; the North Sea, Hovland et al., 1987; Florida escarpment, GOM, Paull et 
al., 1992; Monterey Bay, Stakes et al., 1999; and the Nankai trough Sakai et al., 1992) but only 
recently have researchers focused on the relation between gas hydrates and carbonate products 
(eastern Mediterranean Aloisi et  al., 2000, 2002;  the Cascadia subduction zone Bohrmann et  al., 
1998; Greinert et  al. 2001).  Stable carbon isotope ratios of these carbonates suggest that it is the 
methane phase in the hydrates that provides the source of carbon for the authigenic carbonates in 
seep sediments.   
In marine sediments, sulfate reduction and AMO are the dominant pathway for hydrocarbon 
consumption (Pancost et al., 2003; Blair and Aller, 1995; Borowski et al., 1996; Burns, 1998; Iversen 
and Jorgensen, 1985; Reeburgh, 1980).  As a result, the flux of methane and other hydrocarbons from 
marine sediments to the atmosphere is small compared to other sources (Reeburgh, 1996). AMO is 
estimated to be equivalent to 5-20% of the net modern atmospheric methane flux (Valentine and 
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Reeburgh, 2000). These microbial processes impact global climate change by oxidizing hydrocarbons 
and sequestering enormous volumes of CO2 as authigenic carbonate rock.  Geochemical evidence 
indicates that sulfate reduction and AMO play an important role in carbon cycling and the development 
of biological communities in the GOM (Sassen et al., 1994; Aharon and Fu, 2000).  The carbonate 
precipitation resulting as a by-product of hydrocarbon-fueled microbial metabolism increases the 
physical stability of the seafloor (Roberts and Aharon, 1994) and provides favorable ground for the 
development of invertebrate communities in the deep ocean (Sassen et al., 1994, 1998). 
In GOM hydrate bearing sediments multiple carbon sources are available for incorporation into 
authigenic carbonates including dissolved inorganic carbonate from seawater, foramaniferal 
carbonate, and normal marine organic matter in addition to biodegraded crude oil, thermogenic 
methane from gas hydrates, higher-weight hydrate-forming gases (C2-nC5), and other hydrocarbons.  
In some sediments there are additional carbon sources as methane and CO2 are generated in situ via 
microbial reactions.  In order to test the relation between gas hydrates and carbonate products and 
elucidate the transfer of carbon between hydrocarbon and carbonate reservoirs, this study examines 
pore fluids and carbonate products from hydrate-bearing hydrocarbon seep sediments in three 
different sites with different types of venting fluids on the northern GOM continental slope.   
3.1.1: Hydrocarbons and Gas Hydrates in Sediment 
Chapter 2 presented the pore fluid evidence for hydrocarbon seepage to the seafloor in the 
study areas and the bacterial processes that affect pore fluid chemistry and result in the conditions 
that are necessary for authigenic carbonate formation.  The marked sulfate deficiency in pore fluids 
relative to seawater and the concurrent increase in hydrogen sulfide (See Chapter 2, Figs. 2.2 and 
2.3) is attributed to sulfate consumption during microbial sulfate reduction/AMO reactions within the 
anoxic seep sediments.  Pore fluids from the cores from GC 232, GC 185, and GC 272 Area 3 display 
an inverse relation between chloride concentrations and d18O values (see Chapter 2, Fig. 2.21) typical 
of gas hydrate decomposition within the sediment (Hesse and Harrison, 1981).  Deformed vein-filling 
gas hydrates and gas hydrate nodules are observed exposed on the flanks of gas hydrate mounds at 
the GC 185 and GC 232.  Pore fluids from GC 272 Area 1 show positive chloride values over seawater 
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concentrations, and are the result of recent hydrate formation during a new episode of fluid venting to 
the shallow subsurface. 
Hydrocarbon seepage to the seafl oor results in pore fluid d13CDIC with negative values in cores 
from GC 232 and GC 272 relative to the ambient seawater.  Pore fluid d13CDIC values indicate a 
thermogenic source for methane from GC 232 and biogenic methane source in GC 272 (see Chapter 
2, Fig. 2.6).  Pore fluids from GC 185 core M2 have anomalously heavy d13CDIC values  interpreted to be 
the result if microbial fermentation and methanogenic reactions within the sediment.  Although gases 
presently venting at GC 232 and GC 185 are dominantly thermogenic, it is worth noting that this is not 
always be the case.  Carbon dioxide d13C values from hydrate and the sediment (Sassen et al., 1998) 
indicate that there is a component of biogenic methane produced in situ by bacterial fermentation at 
the base of the sulfate reduction zone. 
Table 3.1 shows a compilation of published data on the composition of gas hydrates from 
Green Canyon blocks 185 (Bush Hill) and 234.  Although separated by several kilometers, data in 
Table 3.1 show that the gas hydrate molecular and stable isotopic compositions are very similar. The 
GC 232 study area is located between these sites so they will be used as a proxy for gas hydrate 
composition in GC 232. 
The different carbon sources can be readily distinguished on the basis of their d13C values 
(Figure 3.1 illustrates d13C ranges of organic and inorganic sedimentary components). Stable isotopes 
of organic and inorganic materials from Green Canyon seeps indicate a complex interplay between 
different organic and inorganic carbon sources.  In the GC 232 seep sediments authigenic carbonates 
are precipitated from the pore fluid DIC (d13CDIC range from  -34 to -14 ‰ PDB).  Carbon sources is 
seep sediment pore fluids include dissolved inorganic carbonate from seawater (d13C = 0.6 ‰ PDB), 
biodegraded crude oil (d13C = -26 ‰ PDB (Kennicutt et  al., 1988)), foramaniferal carbonate (d13C 
approximately 0 ‰ PDB), normal marine organic matter (d13C approximately -20 ‰ PDB Goni et  al., 
1997), thermogenic methane from gas hydrates (d13C approximately -45 ‰ PDB, see Table 3.1), 
higher-weight hydrate-forming (C2-C5) gases (d
13C approximately -26 ‰ PDB see Table 3.1) CO2 from 
hydrates, sediments, and vent gas (d13C values ranging from +17 to –28 ‰ PDB) biogenic methane  
Location Block # Sample d
13C dD % %  d
13C % d
13C % d
13C % d
13C % d
13C % d
13C % d
13C Reference
C1 C1 C1 C2-C5 C2 C2 C3 C3 i -C4 i -C4 n -C4 n -C4 i -C5 i -C5 n -C5 n -C5 CO2
Gas Hydrate Gas
Bush Hill GC-185 Gas Hydrate -42.9 -163.0 83.1 16.8 -28.6 7.6 -24.9 8.1 -27.2 0.9 -22.1 0.2 0.0 0.0 -27.8 Sassen, et. al, 1998
Bush Hill GC-185 Gas Hydrate -42.2 -190.0 71.7 28.3 -29.0 10.6 -25.5 12.6 -27.6 2.6 -22.8 1.7 -26.2 0.8 0.0 -20.0 Sassen, et. al, 1998
Bush Hill GC-185 Gas Hydrate -43.5 -177.0 80.2 19.8 -29.7 9.4 -25.5 7.3 -27.9 1.6 -23.0 1.2 -24.8 0.3 0.0 -23.7 Sassen, et. al, 1998
Bush Hill GC-185 Gas Hydrate -42.5 -193.0 72.1 28.0 -29.2 12.4 -25.7 11.4 -27.8 2.3 -22.7 1.6 -24.7 0.3 0.0 -21.6 Sassen, et. al, 1998
Bush Hill GC-185 Gas Hydrate -42.9 -115.0 85.7 14.3 -28.6 6.3 -25.6 6.1 -26.8 1.1 0.8 0.0 0.0 Sassen, et. al., 1999b
GC-234 GC-234 Gas Hydrate -48.4 -203.0 73.8 28.9 -29.4 12.6 -26.4 12.6 -28.4 1.6 -24.9 1.8 0.2 0.1 Sassen, et. al., 1999b
Bush Hill GC-185 Gas Hydrate 71.8 28.1 3.4 18.8 5.7 0.2 Sassen and MacDonald, 1994
Bush Hill GC-185 Gas Hydrate 73.9 26.1 4.9 16.3 4.6 0.3 Sassen and MacDonald, 1994
Bush Hill GC-185 Gas Hydrate -43.6 -167.0 72.1 27.9 -29.8 10.5 -26.1 12.4 -28.1 2.5 -24.0 1.7 0.7 0.1 + 17.5 Sassen, et. al., 1999a
Bush Hill GC-185 Gas Hydrate -44.8 67.5 23.8 -29.3 4.5 -18.6 14.9 -28.6 4.2 0.2 +13.3 Kennicutt, et. al., 1988
GC-234 GC-234 Gas Hydrate -46.8 -161.0 75.8 24.2 -28.9 7.8 -26.2 12.2 -27.3 2.6 -25.1 1.1 -27.7 0.3 -25.7 0.2 -4.3 Sassen, et. al., 2001
GC-234 GC-234 Gas Hydrate -48.3 -173.0 72.0 27.9 -30.0 9.0 -26.2 13.9 -27.5 2.9 -27.3 1.8 -26.6 0.2 -25.2 0.1 1.9 Sassen, et. al., 2001
GC-234 GC-234 Gas Hydrate -46.5 -202.0 75.2 24.7 -28.7 12.4 -25.7 8.6 -28.1 1.5 -24.1 1.7 -24.5 0.3 -26.5 0.2 -27.6 Sassen, et. al., 2001
mean compositions for thermogenic gas hydrates
mean = -44.8 -174.4 75.0 24.5 -29.2 8.6 -25.1 11.9 -27.8 2.6 -24.0 1.1 -25.8 0.3 -25.8 0.1 -17.6
std dev = 2.3 26.0 5.1 4.7 0.5 3.1 2.2 3.7 0.5 1.4 1.6 0.7 1.3 0.3 0.7 0.1 11.7
Gas Hydrate Sediment Gas
Bush Hill GC-185 Sediment (hyd) -42.3 -158.0 61.5 38.5 -29.6 25.4 -20.5 5.6 -28.5 5.8 -20.4 0.6 -21.3 1.1 0.0 -18.2 Sassen, et. al., 1999b
Bush Hill GC-185 Sediment (hyd) -51.0 -136.0 71.5 25.0 -29.3 17.4 -22.9 4.6 -28.4 1.1 -20.6 1.6 -18.1 0.3 0.0 -19.7 Sassen, et. al., 1999b
GC-234 GC-234 Sediment (hyd) -49.3 -121.0 60.5 39.5 -26.7 24.5 -22.1 5.7 -27.8 2.7 -19.8 3.1 -23.7 3.5 0.0 -28.3 Sassen, et. al., 1999b
Bush Hill GC-185 Sediment (hyd) -45.4 -140.0 61.0 39.0 -29.5 16.4 -24.7 13.7 -28.5 3.3 -21.5 3.7 -24.9 1.9 0.0 -17.5 Sassen, et. al., 1999b
Bush Hill GC-185 Sediment (hyd) -42.4 -134.0 57.1 42.9 -28.8 30.7 -20.3 2.4 -31.0 0.7 -19.6 3.4 -25.3 5.7 0.0 -21.8 Sassen, et. al., 1999b
mean value = -46.1 -137.8 62.3 37.0 -28.8 22.9 -22.1 6.4 -28.8 2.7 -20.4 2.5 -22.7 2.5 0.0 -21.1
std dev = 4.0 13.3 5.4 6.9 1.2 6.0 1.8 4.3 1.2 2.0 0.7 1.3 3.0 2.1 0.0 4.3
Vent Gas
Bush Hill GC-185 Vent Gas -46.0 -198.0 95.9 4.3 -29.7 2.4 -25.0 1.2 0.1 -22.6 0.3 -26.1 0.2 0.1 -4.9 Sassen, et. al, 1998
Bush Hill GC-185 Vent Gas -44.1 -200.0 90.4 9.7 -30.2 4.5 -26.3 3.7 -27.9 0.6 -23.3 0.6 -26.1 0.2 0.1 -5.4 Sassen, et. al, 1998
Bush Hill GC-185 Vent Gas 88.0 12.1 8.0 2.1 0.3 1.2 0.4 0.1 Sassen and MacDonald, 1994
Bush Hill GC-185 Vent Gas 88.0 12.0 7.5 2.2 0.5 1.1 0.6 0.1 Sassen and MacDonald, 1994
Bush Hill GC-185 Vent gas -44.9 -171.0 93.4 6.8 -29.4 4.1 -26.2 1.5 -29.8 0.3 -24.4 0.5 0.3 0.1 + 13.2 Sassen, et. al., 1999a
GC-234 GC-234 Vent Gas -49.0 -162.0 92.3 7.3 -28.6 4.0 -26.3 1.9 -28.3 0.4 -25.6 0.7 -27.3 0.3 -25.4 <0.1 -7.3 Sassen, et. al., 2001
GC-234 GC-234 Vent Gas -47.9 93.1 7.0 -27.8 4.1 -25.9 1.7 -27.6 0.3 -25.0 0.5 -26.5 0.2 -27.3 0.2 ND Sassen, et. al., 2001
GC-234 GC-234 Vent Gas -48.7 -203.0 93.7 6.2 -29.2 2.4 -26.4 2.4 -27.9 0.5 -25.2 0.6 -26.5 0.2 -25.0 0.1 +2.9 Sassen, et. al., 1999b
mean value = -46.8 -186.8 91.9 8.2 -29.2 4.6 -26.0 2.1 -28.3 0.4 -24.4 0.7 -26.5 0.3 -25.9 0.1 -5.9
std dev = 2.1 18.9 2.8 2.8 0.8 2.1 0.5 0.8 0.9 0.2 1.2 0.3 0.5 0.1 1.2 0.0 1.3
Bush Hill Reservoir Gas
Bush Hill GC-184 Reservoir Gas -46.4 84.9 11.9 -30.3 7.3 -28.7 3.5 -34.4 0.3 0.8 11.5 Kennicutt, et. al., 1988
Bush Hill GC-184 Reservoir Gas -46.1 89.0 10.2 -30.0 6.8 -27.8 2.9 0.4 0.1 7.6 Kennicutt, et. al., 1988
Bush Hill GC-184 Reservoir Gas -45.8 75.4 9.0 -31.8 6.3 -27.0 2.5 0.1 0.1 Kennicutt, et. al., 1988
mean value = -46.1 83.1 10.4 -30.7 6.8 -27.8 3.0 -34.4 0.3 0.3 9.6
std dev = 0.3 7.0 1.5 1.0 0.5 0.9 0.5 0.0 0.2 0.4 2.8
 
 
Table 3.1: Published hydrocarbon gas composition for gas hydrates, and sediment gas, vent, 
gas reservoir gas from GC 234, GC 185. 
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Figure 3.1: d13 C values of different Organic and Inorganic sedimentary 
components (References in Text).
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generated via fermentation or CO2 reduction in situ (d
13C as depleted at –90 ‰ PDB (Kaplan, 1994)) 
and residual CO2 from methanogenic processes (which has a range of generally isotopically-heavy 
values up to +20 ‰ PDB (Kaplan, 1994)). 
Data from Table 3.1 show that  thermogenic methane has d13C values of approximately -45 ‰ 
PDB, while the C2 - n-C5 hydrate-forming gases have d
13C values of approximately -26 ‰ PDB. 
Carbon dioxide in vent gas , solid hydrate, and sediments around hydrate (Table 3.1) provide 
evidence for varied hydrocarbon sources in seep sediments.  Vent gas CO2 displays variable d
13C  
with d13C  values ranging from +13.20  to –7.30 ‰ PDB (mean d13CventCO2  =  -5.9 ± 1.27 ‰ PDB, for n 
= 5).  Hydrate-bound CO2 has d
13C  values ranging from +17.50  to –27.8 ‰ PDB (mean d13ChydrateCO2  
=  -17.6 ± 12 ‰ PDB, for n = 5).  Sediment CO2 has a narrower d
13C range (mean d13CsedimentCO2  =  -
21.1 ± 4.3 ‰ PDB, for n = 5).  Reservoir CO2 has a mean d
13C value of +9.55 ± 2.5 ‰ PDB for n = 2 
(Kennicutt, 1988). 
The composition of the Green Canyon gas hydrates suggest that they are structure II gas 
hydrates sourced by thermogenic gas from deep hydrocarbon reservoirs (Sassen et  al., 1998). This is 
seen in the stable isotopic composition of methane (d13C = -45 ‰ PDB for hydrate samples in Table 
3.1) and by the inclusion of higher-weight hydrocarbons (C2 – i-C5) formed by catagenic cracking of 
sedimentary organics at high temperatures. The formation of a structure II gas hydrate involves a 
change of phase which causes a molecular fractionation that favors gases of appropriate diameter to 
fit in the gas hydrate “cages” (Sloan, 1998).  Methane decreases in abundance relative to the source 
gas and the C2+ hydrate-forming gases (particularly ethane and propane) increase in abundance in 
structure II gas hydrate (Sloan, 1998). Figure 3.2 shows a graph of the compositions of methane 
through iso-pentane of reservoir gas, solid gas hydrate, sediment gas, and gas venting to the water 
column from hydrates sediment in the GOM.  Reservoir gas, hydrate gas, sediment gas, and vent gas 
have methane contents of 83%, 71%, 62%, and 92%, respectively, and the preferential incorporation 
of C2 and C3 hydrocarbon gases in the hydrate is evident in Figure 3.1. 
 
 
Figure 9: G
gas, and resf solid
hydra3
hydrocarbon gases and lower amounts of methane in the hydrate over reservoir gas
Figure 3.2: Graph of proportions of methane and higher-weight 
hydrocarbons in vent gas, hydrate gas, and reservoir gas.
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3.1.2:  Objectives of the Study 
This chapter builds upon Chapter 2 by examining seep sediments within the previously-
discussed geochemical settings established by the study of pore fluid geochemistry.  As previously 
discussed the pore fluids show evidence of recent carbonate formation and are supersaturated with 
respect to the major carbonate species.  Careful examination of the carbonates’ mineralogy, 
geochemistry, and petrology will assist in the further refinement of the understanding of carbonate 
formation in these environments and expand on the ideas of the previous chapter. This chapter 
investigates the following: (i) the presence of gas hydrates and biodegraded crude oil in seep 
sediments; (ii) the relationships between hydrocarbon-fueled microbial reactions and authigenic 
carbonate formation, mineralogy, chemistry, and cement morphology; (iii) the potential of bacterial 
fossilization in seep sediments; (iv) carbonate d18O ratios as tracers of carbonate formation; (v) 
carbonate d13C ratios as tracers of hydrocarbon-derived carbon sources for the carbonates; (vi) 
relevance of modern studies of carbonate formation in seeps to recognition of ancient seeps. 
3.2:  Materials and Methods 
3.2.1: Geologic Setting, Sample Sites 
A list and brief description of all cores used for sediment analysis are presented in Table 3.2. 
Samples from three sites are included in this work: GC 232, GC 185 (Bush Hill), and GC 272 (Fig. 
3.3).  The sample sites are located in the Green Canyon sector in the upper and middle slope of the 
northern GOM immediately down dip of the Plio-Pleistocene deltaic depocenters of the Mississippi 
river (Woodbury et al., 1973). Aharon et al. (1997) used U/Th isotopes to date GOM seep carbonates 
in this area directly and also showed that the 87Sr/86Sr composition of GOM seep carbonates support 
carbonate formation from seawater-derived fluids, rather than from formation fluids advecting from 
deeper zones. Radiometric ages from active and extinct seep sites at upper bathyal depths indicated 
that hydrocarbon seepage occurred there during late Pleistocene time (13-195 ka).  Ages derived from 
active seep sites at mid-bathyal and abyssal depths (12.3-0.0 ka) indicated that currently vigorous 
seepage was initiated at the end of the last deglaciation. These radiometric ages most likely reflect the  
Location Core Name Dive Water Seep Hydrate Core Length Squeezed(S)/ Corresponding 
(Prefix Correscpods Location Depth (m) Environment Present? (cm) Unsqueezed (U) Pore Fluids
to year and Dive #)
GC 232
1995-2639 GC 232 560
95-2639-PW2 Bacterial Mat yes 22 S 95-2639-PW2
95-2639 PW 3 Bacterial Mat yes 20 S 95-2639 PW 3
95-2639 PW 4 Bacterial Mat yes 23 S 95-2639 PW 4
1997-2900 GC 232 560
97-2900 OMP Bacterial Mat yes 22 S 97-2900-OMP
97-2900 WMS Bacterial Mat yes 25 U 97-2900-WMP
GC 185 (BUSH HILL)
1995-2647 GC 185 540
95-2647-#2 Mussel Bed yes 21 S 95-2647-#2
95-2647-#4 Background no 24 S 95-2647-#4
GC 272
2000-3626 GC 272 700
2000-3626-31 Area1 Bacterial Mat potentially 22 U PW32, PW34
2000-3626-PW32 Bacterial Mat potentially 30 S PW32
2000-3626-33 Bacterial Mat potentially U PW32, PW34
2000-3626-PW34 Bacterial Mat potentially 30 S PW34
2000-3626-41 Bacterial Mat very likely 20 U PW 42
2000-3626-PW42 Bacterial Mat very likely 21 S PW 42
2000-3627
2000-3627-49 Area 2 700 Bacterial Mat very likely 21 U none
2000-3627-51 Bacterial Mat w/ Clams very likely 11 U PW52
2000-3627-PW52 Bacterial Mat w/ Clams likely 16 S PW52
2000-3627-PW53 Clams Mud Volcano likely 5 S PW53
2000-3627-55 Background not likely 21 U PW56
2000-3627-56 Background not likely 25 S PW56
2000-3627-58 Area 3 700 Bacterial Mat yes 24 U PW60
2000-3627-PW59 Bacterial Mat yes 20 S PW59
2000-3627-PW60 Bacterial Mat yes 26 S PW60
 
 
Table 3.2: Core summary. 
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time of sedimentary loading and associated salt diapirism that activated the fault conduits to the sea 
floor (Aharon et al. 1997). 
The GC 232 and GC 185 sample sites are excellent locations for the study of gas hydrate-
bearing sediments due to the fact that  (i) Bush Hill is a site of rapid and ongoing gas venting (Roberts 
and Aharon, 1994; Sassen et al., 1993; 1999a; Sassen and MacDonald, 1994; Roberts, 2001), (ii) the 
gases at Bush Hill derive from the same source gases in the nearby Jolliet gas reservoirs, and (iii) 
abundant data are available on the Jolliet reservoir gases, the Bush Hill vent gases, and the Bush Hill 
hydrates (Sassen et al., 2001a, b, c, d; 1999a, b, c, d; 1998;1994).  The GC 232 and GC 185 sample 
sites are nearly identical with respect to sediments, fluid geochemistry, gas hydrate composition, and 
biology.  GC 272 is a location where there is little published data on the sediments and pore fluids and 
no published data on gas hydrate compositions.  Using interpretations based on the well-studied 
sample sites, it is possible to infer much about the processes and venting products at the GC 272 site.   
(3.2.1a: GC 232) 
Gas hydrates in Green Canyon Lease Block 232 (27º 44.5’ N and 91º 19.1’ W) outcrop on the 
seafloor at 560 m water depth at temperatures of 7.4º C. The sample site is situated over a shallow 
salt diapir .  Shallow and deep penetrating faults which result from the combined effects of 
sedimentation and salt movement provide paths of transport to the ocean bottom of deep reservoired 
hydrocarbons.  Samples from GC 232 consist of push cores (~ 25 cm long, collected with a robot arm 
on the submersible Johnson Sea Link II) taken through Beggiatoa spp. bacterial mats on the flank of a 
meter-high hydrate mound.  The cores from GC 232 were collected during cruises in the summers of 
1995 and 1997.  Schematic illustrations of the cores from GC 232 are shown in Figure 3.4.  Core 
1997-2900-WM was taken through sediments overlain by a white Beggiatoa spp. bacterial mat, while 
cores 1997-2900-OM, 1995-2639-PW2, 1995-2639-PW3, 1995-2639-PW4 were all taken through 
sediments overlain by orange-red Beggiatoa.  Immediately after recovery, the cored sediments were 
taken to the laboratory on the support ship where continuous pore fluid profiles were acquired with a 
squeezer modified from Jhanke (1988). Cores 1997-2900-OM,  1995-2639-PW2, -PW3 and -PW4 
were all squeezed for pore fluids before analysis of the sediment.  Squeezed sediment cores were not 
greatly deformed by the squeezing device.  A 25 cm core would typically experience 2-3 cm of  
Figure 3.4: Schematic diagrams of cores from Green Canyon lease block 232 (27°00'N; 90 ° 17'W) collected using the
Johnson Sea-Link II in 1995 and 1997.The GC 232 site is located at 560 m water depth and 7 ° C.
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compression during squeezing.  Pore fluids for core 1997-2900-WM are from a core taken adjacent to 
core WM for pore fluids so that core WM could remain pristine for sediment analysis. 
(3.2.1b:  GC 185 (Bush Hill)) 
The GC 185 site (Bush Hill) is a fault-related seep feature located at approximately 540 meters 
water depth (27º46'N; 91º30'W) and approximately 7º C and is one of the more studied hydrocarbon 
seeps in the GOM.  Salt diapirism played a major role in the structural evolution of the seep geology of 
Bush Hill.  The geology of the GC 185 salt withdrawal basin favors fluid migration along active fault 
conduits. Samples from GC 185 (Fig. 3.5) consist of core 95-2647-M2, collected in 1995 using the 
Johnson Sea Link II submersible from sediment populated with chemosynthetic mussels 
(Bathymodiolus spp.) and core 95-2647-4, sampled from background sediments.  Both cores were 
squeezed on board ship for pore fluids.   
(3.2.1c:  GC 272) 
Of the three sample sites the GC 272 site (27º 41’N; 91º 32’W) has been the least studied from 
the perspective of direct observation and sampling.  Located at water depths of 580-915 m the area 
represents a complex of gas hydrates at or near the seafloor where fluid mud mixed with 
hydrocarbons is actively being extruded.  Chemosynthetic communities are also present but are less 
robust and more widely spaced than those in GC 232 and Bush Hill.  Kohl and Roberts (1994) found 
microfossil evidence that the sediments being extruded are from Miocene to Pleistocene in age.  In the 
rapid flux setting  exemplified by mud volcano formation, considerable heat as well as fluidized 
sediment and hydrocarbons are transported to the seafloor (Roberts 2001, MacDonald et al., 1994, 
2000). GC 272 was sampled in 2000 from the submersible Alvin.  During the 2000 submersible dives 
three sites were sampled which were each separated by at least 200-300m, all were 700 ±10 m water 
depth.  Push cores from GC 272 area 1 were taken from bacterial mats around the rim of the large 
mud volcano feature.  GC 272 area 2 contained mussels, tubeworms, and small scale venting 
features.  Cores from GC 272 area 3 were taken through patches of orange and white Beggiatoa mats 
in an area of shallow gas hydrate accumulation.  Data for 14 cores from GC 272 are presented here.  
Cores collected from GC 272 Area 1 are 00-3636-31, 32, 33, 34, 41, and 42 (Fig. 3.6).  All cores from 
Area 1 were taken in an area overlain by bacterial mats. Core 42 and 41 had visible gas hydrate  
Figure 3.5: Schematic diagrams of cores from Green Canyon lease block 185 (also known as 
"Bush Hill", 27°46'N; 91° 30'W) during submersible dives using the Johnson Sea Link II in 1995.  
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Figure 3.6: Schematic diagrams of cores from Green Canyon lease block 272 Area 1 (27°41’N; 
91°32’W) collected using the submersible Alvin in 2000.  
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crystals which could be seen through the core barrel after the core was brought to the surface.  Of 
these samples, cores 32, 34, and 42 were squeezed for pore fluids.  Cores collected from GC 272 
Area 2 are 00-3627-49, 51, 52, 53, 55, and 56 (Fig. 3.7).  Of these, cores 52, 53, and 56 were 
squeezed for pore fluids.  Core 00-3627-49 is from an area covered by white bacterial mats.  Cores 
00-3627-51, 52, and 53 are from sites containing bacterial mats and clams in an area with small-scale 
fluid expulsion features.  Cores 00-3627-55 and 003627-56 are from non seep background sediments.  
Cores collected from GC 272 area 3 are 00-3627-58, -59, and -60 (Fig. 3.8) cores 59 and 60 were 
squeezed to obtain pore fluids.  Cores 59 and 60 contained gas hydrate crystals and free gas bubbles 
which were visible throughout the core barrel.   
3.2.3:  Sediment Analysis Methods 
Push cores (both squeezed to extract pore fluids (see Chapter 2) and unsqueezed) were frozen 
onboard the ship to be used for later sediment analysis.  Upon returning to shore, frozen cores were 
sliced lengthwise.  Half was immediately returned to the freezer for archival purposes while the other 
half was cut into 1-cm subsample slices.  These samples were washed with distilled water to remove 
any saline pore fluids and dried.  Half of each subsample was weighed,  washed using a 63 mm sieve, 
and reweighed after drying to determine percentage of coarse/fine.  The other half was crushed for 
further bulk sediment analyses.   
Aliquots of the crushed samples were weighed, reacted with 5N hydrochloric acid, and the  
insoluble residues were retained, filtered, dried, and reweighed to determine total weight percent 
carbonate lost.   
Carbonate concretions were hand-picked from the sieved sample residues and used for stable 
isotope analysis.  The samples  and internal laboratory standards were dissolved at 50° C in 100% 
H3PO4 under vacuum, and the 
13C/12C isotopes were measured on the cryogenically purified CO2 
using an automated Nier-type triple collector mass spectrometer. Whole sediment powders from cores 
97-2900-WM and 97-2900-OM were dissolved at 50° C in 100% H3PO4 under vacuum, the CO2 was 
cryogenically purified and passed through a reduction furnace at 250° C containing copper shavings to 
avoid complication of the stable isotope analyses by NO contamination (after the methods of  
Figure 3.7: Schematic diagrams of cores from Green Canyon lease block 
272 Area 2 (27°41’N; 91°32’W) collected using the submersible Alvin in 
2000.  
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Figure 3.8: Schematic diagrams of cores from Green Canyon lease block 
272 Area 3 (27°41’N; 91°32’W) collected using the submersible Alvin in 
2000.  
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Mucciarone and Williams, 1990) and the 13C/12C isotopes were measured on this CO2 using an 
automated Nier-type triple collector mass spectrometer. The isotope data are reported in the standard 
delta (d) notation in permil relative to the Peedee belemnite standard (PDB).  The overall error of 
isotope determinations is estimated to be ±0.1% (1s) on the basis of standard analyses and repeats.   
Using equations from Aharon (1991),  d18O and d13C ratios were calculated for calcite, aragonite, 
and high-Mg Calcite carbonate precipitates under measured pore fluid d18OH2O and d
13CDIC (see 
Chapter 2, Tables 2.2 and 2.3; Figs. 2.6 and 2.7) and a bottom water temperature of 7° C.  
Calculations of the temperature of carbonate formation for carbonate nodules from GC 272  using the 
measured d18O values of the carbonates in pore fluids with measured pore fluid d18O values using 
equations from  Erez and Luz (1983). 
For X-ray powder diffraction analyses, crushed bulk  sediment and picked carbonate nodule 
samples were first processed in a Micronizer mill in ethanol to reduce mean particle size to 
approximately 5mm. The randomly oriented powders were analyzed on a Siemens D5000 system.  
The samples were scanned from 20-36° 2q with a step size of 0.02° at 2 seconds per step.  Mineral 
weight percentages were quantitatively calculated by peak intensity procedures similar to those 
described by Cook et al. (1975).  The mole fraction of MgCO3 in the samples was estimated based on 
the position of the high-Mg calcite peak after the methods described by  Scholle (1978). 
Quantitative analyses for Mg, Ca, Sr,  Fe, S, and Ba in carbonate samples were performed on 
polished thin sections using an electron microprobe model JEOL-733, equipped for WDS X-ray 
spectroscopy. The instrumental conditions for the duration of the analyses were: 15 kV accelerating 
voltage, 2 nanoamp beam current, and 60 second counting intervals. Carbonates of known chemical 
compositions were used for the purpose of standardization using conventional electron microprobe 
techniques (X. Xie, personal communication). 
Elemental carbon and nitrogen (weight %) in dried, carbonate-free sediment samples were 
determined using a Leco 2000 analyzer.  Samples (10 mg) were weighed into aluminum boats, loaded 
into an autoloader, and combusted at 1350° C.  Replicate analyses indicate a standard error of ± 2 %. 
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The d13C values of the organic fractions of GC 232 cores 1997-2900-WM and 1997-2900-OM 
were obtained using the method of Chimera et al. (1987).  A portion of the insoluble residue was 
loaded into a quartz tube, along with CuO and Ag wire, pumped to vacuum, and combusted in a 
gravity oven at 850° C for 4 hours.  The resulting CO2 gas was extracted online, cryogenically purified 
of other gases, and analyzed on a Nuclide gas-source mass spectrometer.  Replicate analyses of the 
reference polyethylene foil PEF1 standard (Gerstenberger and Herrmann 1982) indicate an error (1s) 
of ± 0.6%. 
3.3:  Results 
Table 3.3 presents sediment data (% total weight carbonate, wt. % coarse, carbonate nodule 
stable isotopes) for all cores.  Table 3.4 contains data on the organic portion of the sediments (% 
organic carbon and nitrogen, C/N) from GC 232 cores 97-2900-OM and -WM.  Table 3.5 shows the 
results of replicate stable isotope analyses of multiple carbonate nodules subsamples from GC 232.  
Tables 3.6 and 3.7 summarize quantitative X-ray diffraction data for bulk sediment samples from GC 
232/GC 185 and GC 272, respectively.  Tables 3.8 and 3.9 summarize quantitative ion microprobe 
elemental analyses for carbonate samples from GC 232/GC185 and GC 272, respectively.  Table 3.10 
displays the results of calculations of  temperature of carbonate formation for carbonate samples from 
GC 272.   
3.3.1:  Sedimentary Organics 
The sediments from GC 232 are stained with biodegraded crude oil and contain larger pods  
of liquid oil near the core bottom. Cores from GC 185 and GC 272 also have visible oil staining and 
smell of crude oil but lack the presence of large amounts of liquid oil. A gas chromatogram from a 
liquid crude oil sample squeezed from core 97-2900-WM (Fig. 3.9) shows evidence of biodegradation 
of a crude oil  in the WM core samples. The area beneath the elevated baseline in Figure 3.9 is called 
the unresolved complex mixture (UCM) which is a complex of tars, particularly naphthalenes and other 
compounds that are difficult to resolve by gas chromatography. 
The total organic carbon (TOC), d13CTOC , total nitrogen (TN), and carbon/nitrogen molar ratios 
(C/N) for cores 97-2900-WM and 97-2900-OM are plotted in Figure 3.10 along with published values  
Name1 Depth (cm) Radocarbon % CaCO3 % Coarse Carbonate Nodule Stable isotopes
3
Age (ka)2 (> 63µm) d 13C (‰ PDB ) d 18O (‰ PDB)
97-2900-WM
1a -1 0.60 32 14 -13.4 3.1
1b -1 21 -14.7 2.5
2a -2 32 21 -14.9 3.6
2b -2 14 -15.9 3.3
3 -3 42 26 -12.8 3.6
4 -4 39 30 -13.2 3.4
5 -5 40 36 -14.0 3.5
6 -6 46 41 -12.8 3.4
7a -7 46 45 -14.2 3.7
7b -7 41 -11.8 3.6
 8a -8 47 44 -14.3 3.6
8b -8 57 -19.0 3.6
 9a -9 60 44 -13.2 3.6
9b -9 73 -13.7 3.6
10a -10 60 62 -13.8 3.5
10b -10 17 -13.5 3.6
11 -11 65 31 -16.1 3.5
12a -12 1.01 68 29 -14.0 4.0
12b -12 15 -14.0 3.9
12c -12 6 -15.1 3.5
12d -12 4 -13.2 3.3
12e -12 3 -13.8 3.4
12f -12 4 -14.4 3.8
13a -13 62 2 -12.7 3.7
13b -13 -12.8 4.0
 14a -14 62 -15.5 4.3
14b -14 -15.5 3.8
15 -15 53
16 -16 49 -15.0 3.3
17 -17 51 -16.9 4.5
18 -18 64 -16.0 4.4
19 -19 58 -14.2 4.7
20 -20 52 -15.8 3.8
21a -21 2.09 47 -16.2 4.3
21b -21 -16.3 4.3
21c -21 -16.2 4.5
22 -22 43
23 -23 28
24 -24 29
25 -25 28
97-2900-OM
1 -1 32
2 -2 43 -16.4 3.4
3 -3 42
4 -4 36
5 -5 30 -16.9 3.8
6 -6 1.61 36
7 -7 29
 8a -8 30 -18.0 4.2
8b -8 -17.9 3.7
8c -8 -18.1 2.9
9 -9 29
10 -10 29
11 -11 34 -18.9 1.5
12 -12 40
13 -13 40
14 -14 40 -18.2 4.1
15 -15 44
 
Table 3.3: Sediment data, GC 232, GC 185, GC 272 (blanks indicate no analysis). 
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Name1 Depth (cm) Radocarbon % CaCO3 % Coarse Carbonate Nodule Stable isotopes
3
Age (ka)2 (> 63µm) d 13C (‰ PDB ) d 18O (‰ PDB)
16 -16 38
17a -17 43 -15.9 4.4
17b -17 -13.4 2.6
17c -17 -16.2 4.0
18 -18 48
19 -19 39
20a -20 7.88 34 -20.2 4.4
20b -20 -13.6 3.6
21 -21 32
22 -22 32 -19.8 3.9
95-2639-PW3
1 -1 0.01 24 -23.6 1.5
2 -2 25 0
3 -3 31
4 -4 33 0 -19.5 3.1
5 -5 22 2
6 -6 29
7 -7 31 -21.4 3.2
8 -8 36 2
9 -9 28 3 -18.9 2.8
10 -10 1.13 36 7
11 -11 42 12 -20.4 3.5
12 -12 36 20 -20.8 3.6
13 -13 38 21 -21.8 3.3
14 -14 43 15 -22.2 3.3
15 -15 37 -19.7 3.5
16 -16 41 11 -21.0 3.1
17 -17 39 17 -21.1 3.2
18 -18 39 21 -23.0 3.4
19 -19 1.23 48 9 -21.7 2.4
20 -20 42 13 -23.1 3.4
95-2639-PW4
1 -1 0.31 38 4 -21.4 2.6
2 -2 30 -22.5 2.9
3 -3 35 -22.5 3.3
4 -4 39 10 -22.6 3.1
5 -5 39 12 -21.4 3.3
6 -6 41 11 -21.2 3.3
7 -7 43 7 -22.4 3.0
8 -8 38 21 -21.9 2.9
9 -9 0.60 36 14 -21.7 3.0
10 -10 33 -19.3 3.5
11 -11 36 -20.3 3.4
12 -12 39 13 -22.7 3.0
13 -13 43 20 -21.6 3.0
14 -14 38 11 -22.7 2.8
15 -15 39 11 -21.1 3.2
16 -16 37 9 -20.5 2.7
17 -17 33 17 -21.4 3.0
18 -18 29 26 -24.5 2.8
19 -19 1.60 34 14 -21.8 2.9
20 -20 40 13 -20.0 3.6
21 -21 39 13 -21.9 2.8
22 -22 36 17 -21.8 3.2
23 -23 45 13 -21.6 3.5
95-2647-M2
M2-1 -1 30 2
M2-2 -2 25 3 -23.9
M2-3 -3 27 3
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Name1 Depth (cm) Radocarbon % CaCO3 % Coarse Carbonate Nodule Stable isotopes
3
Age (ka)2 (> 63µm) d 13C (‰ PDB ) d 18O (‰ PDB)
M2-4 -4 26 2
M2-5 -5 29 1
M2-6 -6 31 6
M2-7 -7 32 5
M2-8 -8 28 4 -25.3 3.7
M2-9 -9 30 3
M2-10 -10 36 3 -24.1 3.7
M2-11 -11 29 2 -21.7 3.6
M2-12 -12 29 7 -22.8 3.7
M2-13 -13 28 9 -25.5 3.5
M2-14 -14 30 10 -26.3 3.3
M2-15 -15 28 10 -24.8 3.5
M2-16 -16 35 13 -24.7 3.6
M2-17 -17 30 11 -23.7 3.7
M2-18 -18 34 10 -24.3 1.7
M2-19 -19 35 11 -24.7 3.8
M2-20 -20 32 5 -23.8 3.4
M2-21 -21 38 11 -23.0 3.8
95-2647-4
(Background)
4-1 -2 16 1
4-2 -4 20 1
4-3 -6 19 1
4-4 -8 19 1
4-5 -10 22 1
4-6 -12 17 1
4-7 -14 20 1
4-8 -16 21 1
4-9 -18 14 1
4-10 -20 17 1
4-11 -22 18 8
4-12 -24 17 1
00-3627-32
32-1 -6 19
32-2 -10 19 -29.1 4.2
32-3 -14 17 -19.8 -5.1
32-4 -18 16
00-3627-34
34-1 -2 14 0
34-2 -5 22 1
34-3 -9 15 1 -17.0 -1.9
34-4 -12 20 3
34-5 -16 21 1 -23.0 -0.7
34-6 -19 21 0 -17.1 -2.0
34-7a -23 19 1 -12.6 -2.2
34-7b -13.9 -0.6
34-8 -27 21 2 -25.1 -1.4
00-3627-31
31-1 -1 19 1
31-2 -2 19 1
31-3 -3 18 2
31-4 -4 21 1
31-5 -5 22 1
31-6 -6 19 1
31-7 -7 20 2
31-8 -8 20 1
31-9 -9 20 1
31-10 -10 17 1
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Name1 Depth (cm) Radocarbon % CaCO3 % Coarse Carbonate Nodule Stable isotopes
3
Age (ka)2 (> 63µm) d 13C (‰ PDB ) d 18O (‰ PDB)
31-11 -11 16 1
31-12 -12 18 1
31-13 -13 17 1
31-14 -14 20 1
31-15 -15 18 1
31-16 -16 16 1
31-17 -17 16 1
31-18 -18 18 1
31-19 -19 21 1
31-20 -20 18 1
31-21 -21 18 1
00-3627-33
33-1 -1 20
33-2 -2 20 1
33-4 -4 20 1
33-5 -5 21
33-7 -7 22
33-6 -6 20 1
33-8 -8 23 -21.6 -2.3
33-9 -9 26 1
33-10 -10 20 2
33-11 -11 22
33-12 -12 21 1
33-13 -13 21
33-14 -14 24 1
33-15 -15 24
33-16 -16 22 1
33-17 -17 21
33-18 -18 24 1
33-19 -19 20
33-20 -20 20
33-21 -21 20
33-22 -22 24 1
33-23 -23 18
33-24 -24 17 0
00-3626-41
41-1 -1 18 1
41-2 -2 19 2
41-3 -3 21 3
41-4 -4 20 3
41-5 -5 24 2 -23.6 -6.7
41-6 -6 26 1 -20.9 -2.9
41-7 -7 23 2 -22.3 -0.5
41-8 -8 23 1 -18.7 -1.6
41-9 -9 19 1
41-10 -10 17 1
41-11 -11 16 1
41-12 -12 19 1
41-13 -13 18 1
41-14 -14 16 1
41-15 -15 19 3
41-16 -16 16 3 -26.1 -1.1
41-17 -17 17 1
41-18 -18 18 1
41-19 -19 18 2
41-20 -20 16 1
00-3626-42
42-1 -2 18 2
42-2 -6 2 -23.9 -2.7
 
Table 3.3: (continued)
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Name1 Depth (cm) Radocarbon % CaCO3 % Coarse Carbonate Nodule Stable isotopes
3
Age (ka)2 (> 63µm) d 13C (‰ PDB ) d 18O (‰ PDB)
42-3 -10 1 -22.2 -3.0
42-4 -14 19 1 -16.6 -5.5
42-5 -19 16 3 -13.5 -2.0
00-3627-49
49-1 -1 21 7
49-2 -2 15 7 -28.7 1.4
49-3 -3 14 7 -30.8 2.9
49-4 -4 19 12 -27.7 4.3
49-5 -5 21 13 -25.8 3.2
49-6 -6 24 17 -22.5 3.4
49-7 -7 28 10 -21.6 3.0
49-8 -8 28 8 -19.9 1.6
49-9 -9 26 7 -20.4 4.1
49-10 -10 26 6 -20.3 1.3
49-11 -11 27 6 -24.3 2.1
49-12 -12 33 7
49-13 -13 24 4
49-14 -14 23 4
49-15 -15 17 4
49-16 -16 20 4
49-17 -17 21 4
49-18 -18 20 3
49-19 -19 20 4
49-20 -20 19 3
00-3627-51
51-1 -1 31 5 -33.9 1.9
51-2 -2 32 5 -38.7 3.9
51-3 -3 37 4 -38.4 3.6
51-4 -4 34 4 -38.1 3.5
51-5 -5 34 5 -36.9 3.2
51-6 -6 33 3 -37.9 3.5
51-7 -7 32 3 -39.5 3.9
51-8 -8 29 5 -35.7 2.8
51-9 -9 30 5 -37.4 3.3
51-10 -10 31 4
00-3627-52
52-1 -2 26 3 -37.0 3.5
52-2 -6 30 6 -38.2 4.2
52-3 -10 32 11 -38.5 3.7
52-4 -14 33 14 -38.7 3.6
00-3627-53
53-1 -2.5 30 5 -38.8 2.7
00-3627-55
(background)
55-1 -1 30 18
55-2 -2 23 8
55-3 -3 25 10
55-4 -4 22 6
55-5 -5 23 6
55-6 -6 22 8
55-7 -7 21 4
55-8 -8 21 4
55-9 -9 21 2
55-10 -10 22 2
55-11 -11 21 2
55-12 -12 19 2
55-13 -13 17 1 -18.9 -3.5
55-14 -14 18 1
 
Table 3.3: (continued) 
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Name1 Depth (cm) Radocarbon % CaCO3 % Coarse Carbonate Nodule Stable isotopes
3
Age (ka)2 (> 63µm) d 13C (‰ PDB ) d 18O (‰ PDB)
55-15 -15 18 1 -16.8 -4.7
55-16 -16 19 1
55-17 -17 15 2
55-18 -18 15 1
55-19 -19 16 1
55-20 -20 17 2
55-21 -21 17 1
00-3627-58
58-1 -1 22 9
58-2 -2 25 7 -33.6 3.6
58-3 -3 25 4 -28.7 3.8
58-4a -4 27 3 -26.0 3.0
58-4b -18.5 -1.0
58-5 -5 27 5
58-6 -6 25 3
58-7 -7 23 3
58-8 -8 23 4
58-9 -9 21 2
58-10 -10 25 4
58-11 -11 15 4
58-12 -12 12 4
58-13 -13 15 6
58-14 -14 17 4
58-15 -15 17 5
58-16 -16 17 3
58-17 -17 18 2
58-18 -18 22 4
58-19 -19 20 2
58-20 -20 22 2
58-21 -21 23 2
58-22 -22 24 2
58-23 -23 26 3
58-24 -24 28 2
00-3627-59
59-1 -2 16 6 -33.6 3.3
59-2 -6 19 3
59-3a -10 24 3 -20.6 -3.3
59-3b -20.5 -3.7
59-4a -14 21 4 -28.4 -0.1
59-4b -28.1 -1.1
59-5 -18 16 3 -32.4 3.6
00-3627-60
60-1 -2 24 7 -30.8 3.4
60-2 -5 25 2 -35.8 3.6
60-3 -9 22
60-4 -12 20 4 -29.2 3.1
60-5 -15 17 6 -38.8 3.1
60-6 -18 19 3 -30.4 4.4
60-7 -21 20 3 -25.5 2.9
60-8 -25 24 1 -23.9 2.9
 
Table 3.3: (continued) 
 
1.  Additional samples taken from each 1-cm core section are named a, b, c, etc. 
2.   Radiocarbon ages of deepsea gastropods from seeps.  Ages corrected for aut higenic 
carbonate overgrowth (See Chapter 4). 
 
3. Stable isotope measurements of hand-picked carbonate concretions from cores. 
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Name  Depth (cm)  % total % total C/N d 13Corg
wt. Organic wt. Organic (‰ PDB)
Carbon Nitrogen
97-2900-WM
1 -1 4.6 2.4 11.1 -27.14
2 -2 3.2 5.0 15.8 -28.18
3 -3 4.2 2.8 11.7 -27.39
4 -4 4.3 3.1 13.4 -26.94
5 -5 3.8 3.3 12.4 -26.89
6 -6 3.4 3.9 13.0 -26.96
7 -7 3.1 3.8 12.0 -26.98
8 -8 3.2 4.4 13.9 -26.02
9 -9 2.7 4.7 12.7 -27.39
10 -10 2.8 5.8 16.0 -27.02
11 -11 2.6 7.2 18.7 -27.06
12 -12 2.8 7.1 19.5 -27.76
13 -13 3.3 4.9 15.9 -27.48
14 -14 3.3 6.5 21.6 -27.13
15 -15 4.1 4.6 18.8 -27.26
16 -16 3.7 7.1 26.3 -27.02
17 -17 5.4 3.4 18.6 -27.87
18 -18 4.7 5.9 27.7 -27.15
19 -19 5.0 5.9 29.6 -27.51
20 -20 5.7 5.4 31.2 -28.61
21 -21 3.9 4.5 17.3 -28.52
22 -22 3.3 7.6 25.3 -27.80
23 -23 12.4 3.5 43.3 -26.58
24 -24 3.3 5.6 18.4 -26.11
25 -25 4.2 7.0 29.2 -26.91
97-2900-OM
1 -1 3.1 3.7 11.6 -28.25
2 -2 2.5 4.7 12.0 -27.38
3 -3 2.5 7.4 18.5 -27.12
4 -4 2.8 5.5 15.3 -27.02
5 -5 2.9 3.9 11.5 -27.38
6 -6 2.8 3.7 10.1 -27.10
7 -7 3.5 2.7 9.4 -26.84
8 -8 2.9 4.6 13.4 -26.75
9 -9 3.1 3.1 9.4 -26.82
10 -10 2.8 4.2 11.9 -27.17
11 -11 2.8 4.6 12.8 -27.76
12 -12 2.7 3.2 8.4 -28.20
13 -13 2.6 4.7 12.0 -27.59
14 -14 2.5 4.1 10.4 -27.64
15 -15 2.6 4.1 10.5 -27.64
16 -16 3.6 3.8 13.8 -27.16
17 -17 8.3 4.9 40.7 -27.87
18 -18 2.3 5.3 12.1 -27.26
19 -19 2.1 3.0 6.4 -27.80
21 -21 2.7 3.4 9.0 -26.89
22 -22 5.0 4.3 21.2 -26.62
 
 
Table 3.4: Organic carbon and nitrogen contents, sediments from GC 232. 
151
Table 3.5: Reproducability of carbonate nodule stable isotope measurements from 97-2900-WM.
Sample Name  d13C (‰ PDB) d18O(‰ PDB)
97-2900-WM-12cm
WM-12-Rep-A -13.17 3.33
WM-12-Rep-B -13.79 3.39
WM-12 (HMC dominant) -14.03 4.01
WM-12 (aragonite dominant) -14.01 3.92
WM-12 (>1 mm size fraction) -14.37  3.79
WM-12 (1 mm-250 µm size fraction) -15.12  3.51
 d13C mean = -14.08 d18O mean = 3.66
std dev = 0.65 std dev = 0.29
for n = 6 for n = 6
97-2900-WM-21cm
WM-21-Rep-A -16.32 4.31
WM-21-Rep-B -16.16 4.48
WM-21(HMC dominant) -16.20 4.30
 d13C mean = -16.23 d18O mean = 4.36
std dev = 0.08 std dev = 0.10
for n = 3 for n = 3
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Table 3:6: Results of quantitative X-ray diffraction analysis of bulk sediments from GC 232 and GC 185.
% Mineral Species in Carbonate Fraction % Mineral Species in Total Sediment
Sample Name wt. % Total Carbonate depth (cm) % Aragonite % Calcite % HMC  %Dolomite % Aragonite % Calcite % HMC % Dolomite
GC 232
97-2900-WM
W-01 32 -1 34 10 56 0 11 3 18 0
W-02 32 -2 46 12 42 0 15 4 13 0
W-03 42 -3 45 6 49 0 19 3 21 0
W-04 39 -4 49 7 44 0 19 3 17 0
W-05 40 -5 69 6 24 0 28 2 10 0
W-06 46 -6 67 7 26 0 31 3 12 0
W-07 46 -7 67 6 28 0 31 3 13 0
W-08 47 -8 60 5 35 0 28 2 16 0
W-09 60 -9 73 2 24 0 44 1 14 0
W-10 60 -10 75 2 22 0 45 1 13 0
W-11 65 -11 77 0 23 0 50 0 15 0
W-12 68 -12 78 3 19 0 53 2 13 0
W-13 62 -13 67 2 31 0 42 1 19 0
W-14 62 -14 69 4 28 0 43 2 17 0
W-16 49 -16 61 3 37 0 30 1 18 0
W-17 51 -17 17 0 83 0 9 0 42 0
W-18 64 -18 33 0 67 0 21 0 43 0
W-19 58 -19 23 7 71 0 13 4 41 0
W-20 52 -20 15 13 72 0 8 7 37 0
W-21 47 -21 0 28 72 0 1 13 34 0
W-22 43 -22 0 23 77 0 1 10 33 0
W-23 28 -23 0 54 46 0 1 15 13 0
W-24 29 -24 0 78 22 0 1 23 6 0
W-25 28 -25 0 73 27 0 1 20 8 0
97-2900-OM
O-01 32 -1 6 18 76 0 2 6 24 0
O-02 43 -2 13 12 76 0 6 5 33 0
O-03 42 -3 18 11 70 0 8 5 29 0
O-04 36 -4 14 18 67 0 5 6 24 0
O-05 30 -5 7 19 74 0 2 6 22 0
O-06 36 -6 15 12 73 0 5 4 26 0
O-07 29 -7 7 20 73 0 2 6 21 0
O-08 30 -8 22 23 54 0 7 7 16 0
O-10 29 -10 8 18 74 0 2 5 21 0
O-11 34 11 13 18 69 0 4 6 23 0
O-12 40 -12 13 12 75 0 5 5 30 0
O-13 40 -13 19 13 68 0 8 5 27 0
O-14 40 -14 15 11 73 0 6 4 29 0
O-15 44 -15 13 10 77 0 6 4 34 0
O-16 38 -16 14 9 77 0 5 3 29 0
O-17 43 -17 17 12 71 0 7 5 31 0
O-18 48 -18 24 9 67 0 12 4 32 0
O-19 39 -19 25 16 59 0 10 6 23 0
O-20 34 -20 20 15 65 0 7 5 22 0
O-21 32 -21 22 23 55 0 7 7 18 0
O-22 32 -22 21 6 73 0 7 2 23 0
95-2639-4
4-1 38 -1 61 29 10 0 23 11 4 0
4-5 39 -5 51 34 15 0 20 13 6 0
4-10 33 -10 52 31 17 0 17 10 6 0
4-15 39 -15 51 35 14 0 20 14 6 0
4-20 40 -20 54 31 15 0 22 13 6 0
4-23 45 -23 65 23 12 0 29 10 5 0
0
95-2639-3
3-2 24 -1 34 49 16 0 8 12 4 0
3-5 22 -5 35 50 15 0 8 11 3 0
3-10 36 -10 37 45 17 0 13 16 6 0
3-15 37 -15 38 43 18 0 14 16 7 0
3-20 42 -20 57 28 15 0 24 12 6 0
GC 185
95-2647-M2
2-1 30 -1 34 32 34 0 10 9 10 0
2-3 27 -3 55 19 26 0 15 5 7 0
2-5 29 -5 18 29 54 0 5 8 16 0
2-7 32 -7 20 26 54 0 6 8 17 0
2-13 28 -13 28 24 48 0 8 7 13 0
2-15 28 -15 24 27 49 0 7 8 14 0
2-17 30 -17 18 20 63 0 5 6 19 0
2-20 32 -20 17 23 60 0 6 7 19 0
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% Mineral Species in Carbonate Fraction % Mineral Species in Total Sediment
Sample Name wt. % Total Carbonate depth (cm) % Aragonite % Calcite % HMC  %Dolomite % Aragonite % Calcite % HMC % Dolomite
GC 272 Area 1
00-3626-32
32-1 18 -6 0 43 17 40 0 8 3 7
32-2 19 -10 0 44 23 33 0 8 4 6
32-3 17 -14 0 40 22 38 0 7 4 7
32-4 15 -18 0 39 21 40 0 6 3 6
00-3626-32
34-1 13 -2 0 37 18 45 0 5 2 6
34-2 22 -5 0 38 20 42 0 8 4 9
34-3 14 -9 0 39 22 39 0 5 3 5
34-5 21 -16 0 35 38 27 0 7 8 6
34-7 19 -23 0 49 19 32 0 9 4 6
34-8 21 45 20 35 0 9 4 7
00-3626-41
41-1 18 -1 0 43 16 41 0 8 3 7
41-2 19 -2 0 40 17 43 0 8 3 8
41-4 20 -4 0 43 20 37 0 9 4 7
41-5 24 -5 0 44 29 28 0 10 7 7
41-9 19 -9 0 38 24 38 0 7 5 7
41-10 17 -10 0 34 25 41 0 6 4 7
41-12 19 -12 0 32 25 41 0 6 5 8
41-15 19 -15 0 40 22 40 0 8 4 8
41-17 18 -17 0 40 19 41 0 7 3 7
41-20 16 -20 0 43 17 40 0 7 3 6
00-3626-42
42-1 18 -2 0 32 16 52 0 6 3 9
42-2 18 -6 0 30 20 50 0 5 4 9
42-4 18 -14 0 39 26 34 0 7 5 6
42-5 17 -19 0 30 20 50 0 5 3 8
GC 272 Area 2
00-3627-52
52-1 26 -2 0 21 64 15 0 5 17 4
52-2 30 -6 0 20 63 17 0 6 19 5
52-4 32 -14 0 18 69 13 0 6 22 4
00-3627-53
53-1 30 -3 0 29 55 16 0 9 17 5
GC 272 Area 3
00-3627-58
58-1 22 -1 0 16 60 24 0 4 13 5
58-3 25 -3 0 17 61 22 0 4 15 6
58-5 27 -5 0 18 62 20 0 5 17 5
58-9 223 -9 0 25 42 33 0 6 10 8
58-13 15 -13 0 30 33 37 0 5 5 6
58-17 18 -17 0 30 33 37 0 5 6 7
58-19 20 -19 0 31 34 35 0 6 7 7
58-20 22 -20 0 26 37 37 0 6 8 8
00-3627-59
59-1 16 -2 0 22 42 36 0 4 7 6
59-2 19 -6 0 25 45 30 0 5 9 6
59-4 21 -14 0 26 42 32 0 5 9 7
00-3627-60
60-1 24 -2 0 15 58 27 0 4 14 6
60-3 23 -9 0 27 43 30 0 6 10 7
60-4 20 -12 0 26 41 33 0 5 8 7
60-6 20 -18 0 22 43 35 0 4 9 7
60-8 22 -25 0 27 42 31 0 6 9 7
Table 3:7: Results of quantitative X-ray diffraction analysis of bulk sediments from GC 272.
154
Mole Fraction PPM
Aragonite CaCO3 MgCO3 FeCO3 SrCO3 BaCO3 SCO3 Ca Mg Fe Sr Ba S
GC 232
WMP a 0.9848 0.0008 0.0005 0.0126 0.0000 0.0013 382370 178 295 10704 0 400
WMP b 0.9854 0.0006 0.0004 0.0124 0.0002 0.0010 341266 125 195 9359 196 286
WMP c 0.9760 0.0012 0.0006 0.0193 0.0007 0.0022 385658 287 303 16663 993 687
WMP d 0.9725 0.0016 0.0010 0.0148 0.0008 0.0094 333903 332 456 11106 935
WMP e 0.9823 0.0013 0.0012 0.0141 0.0000 0.0011 400384 323 679 12534 0 355
WMP f 0.9835 0.0008 0.0000 0.0146 0.0008 0.0003 379368 190 0 12287 1011 99
WMP g 0.9845 0.0010 0.0006 0.0120 0.0001 0.0017 374721 236 329 9987 179 515
WMP h 0.9904 0.0000 0.0000 0.0091 0.0004 0.0002 367930 0 0 7369 459 51
WMP I 0.9784 0.0009 0.0005 0.0184 0.0000 0.0018 345984 184 229 14247 0 521
WMP j 0.9721 0.0037 0.0055 0.0155 0.0000 0.0031 343983 795 2725 12017 0 884
WMP k 0.9834 0.0009 0.0009 0.0137 0.0000 0.0011 382870 214 494 11662 0 333
OM a 0.9749 0.0036 0.0030 0.0164 0.0001 0.0020 346485 785 1475 12754 69 572
OM d 0.9779 0.0010 0.0026 0.0153 0.0006 0.0026 327041 206 1202 11202 679 705
OM e 0.9795 0.0008 0.0000 0.0159 0.0002 0.0037 352203 177 0 12464 192 1065
OM f 0.9783 0.0043 0.0005 0.0144 0.0000 0.0024 359066 964 238 11575 0 715
GC 185
M2 f1 0.9859 0.0004 0.0002 0.0116 0.0006 0.0014 342625 79 75 8784 748 388
M2 f2 0.9878 0.0000 0.0002 0.0102 0.0001 0.0016 363998 0 104 8256 147 471
M2 f3 0.9875 0.0006 0.0001 0.0105 0.0002 0.0010 376222 148 44 8736 318 305
M2 f4 0.9846 0.0008 0.0002 0.0128 0.0000 0.0015 355778 177 119 10140 0 431
M2 g1 0.9646 0.0082 0.0109 0.0134 0.0005 0.0024 302236 1565 4753 9197 515 590
M2 g2 0.9841 0.0012 0.0002 0.0136 0.0001 0.0008 353490 265 89 10701 107 217
M2 g3 0.9767 0.0049 0.0032 0.0126 0.0006 0.0020 333975 1014 1545 9404 708 543
High-Mg Calcite
GC 232 
97-2900-WM
WM 1 0.8414 0.1522 0.0042 0.0000 0.0001 0.0021 314460 34493 2191 0 150 622
WM 2 0.8544 0.1379 0.0038 0.0012 0.0000 0.0026 314817 30815 1967 939 37 776
WM 3 0.8396 0.1520 0.0054 0.0008 0.0002 0.0019 303809 33347 2724 642 270 552
WM 4 0.8326 0.1587 0.0048 0.0027 0.0001 0.0012 293300 33890 2343 2052 105 326
WM 5 0.8420 0.1523 0.0031 0.0000 0.0000 0.0026 300735 32986 1524 0 0 751
WM 6 0.8725 0.1194 0.0015 0.0018 0.0002 0.0045 335691 27860 806 1535 227 1399
WM 7 0.8483 0.1434 0.0020 0.0005 0.0000 0.0058 320750 32865 1055 394 0 1762
WM 8 0.8470 0.1496 0.0000 0.0002 0.0000 0.0033 326040 34915 0 137 0 1013
97-2900-OM
OMP c1 0.9613 0.1248 0.0004 0.0008 0.0001 0.0009 376365 8669 208 715 169 273
OMP c2 0.8648 0.1213 0.0070 0.0015 0.0001 0.0053 314817 26774 3572 1202 139 1529
OMP c3 0.8667 0.1243 0.0023 0.0015 0.0001 0.0052 346842 30151 1283 1304 77 1649
OMP c4 0.8454 0.1376 0.0123 0.0000 0.0003 0.0044 273857 27016 5560 0 336 1146
OMP d1 0.8498 0.1348 0.0086 0.0002 0.0007 0.0060 275930 26533 3879 144 792 1549
OMP d2 0.8595 0.1300 0.0018 0.0015 0.0001 0.0072 312458 28644 899 1213 103 2087
 
 
Table 3.8: Results of ion microprobe elemental analysis for carbonate samples from GC 232 
and GC 185. 
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Mole Fraction PPM
GC 272 CaCO3  MgCO3  FeCO3  SrCO3  BaCO3  SCO3  Ca  Mg Fe Sr Ba  S
GC 272 Area 1
PW34 grain 1 0.9481  0.0463  0.0002  0.0014  0.0000  0.0041  334332  9906  79  1051  0  1145
PW34 grain 1 0.9569  0.0368  0.0002  0.0010  0.0005  0.0046  372148  8683  84  884  604  1436
PW34 grain 1 0.9533  0.0403  0.0004  0.0011  0.0000  0.0049  361568  9263  208  931  0  1495
PW34 grain 1 0.9544  0.0426  0.0000  0.0004  0.0001  0.0024  379439  10277  0  382  156  753
PW34 grain 1 0.9520  0.0420  0.0018  0.0004  0.0000  0.0038  348772  9319  909  349  60  1105
PW34 grain 1 0.9559  0.0345  0.0021  0.0000  0.0000  0.0075  346270  7582  1041  0  0  2183
PW34 grain 1 0.9797  0.0130  0.0008  0.0006  0.0001  0.0059  379010  3047  425  479  134  1820
PW34 grain 4 0.9721  0.0253  0.0000  0.0014  0.0003  0.0009  376008  5925  0  1213  392  265
PW34 grain 4 0.9716  0.0152  0.0005  0.0014  0.0003  0.0110  401242  3817  273  1251  470  3638
PW34 grain 4 0.9347  0.0476  0.0152  0.0000  0.0002  0.0022  308669  9536  6999  0  203  591
PW34 grain 4 0.9381  0.0477  0.0090  0.0000  0.0000  0.0053  304452  9380  4055  0  10  1364
PW34 grain 5 0.9086  0.0313  0.0582  0.0011  0.0002  0.0005  339837  7102  30315  914  274  161
PW34 grain 5 0.9334  0.0252  0.0408  0.0005  0.0000  0.0000  361639  5920  22037  434  0  12
PW34 grain 6 0.9463  0.0458  0.0022  0.0014  0.0000  0.0041  368859  10835  1208  1219  60  1281
PW34 grain 6 0.9305  0.0541  0.0098  0.0000  0.0001  0.0055  295302  10406  4351  0  124  1388
PW34 grain 6 0.9446  0.0523  0.0000  0.0010  0.0002  0.0019  376651  12655  0  903  223  601
PW34 grain 6 0.9496  0.0469  0.0002  0.0011  0.0000  0.0023  379225  11348  106  922  46  731
PW34 grain 7 0.9421  0.0534  0.0032  0.0000  0.0000  0.0014  344197  11834  1604  0  0  402
PW34 grain 7 0.9251  0.0579  0.0141  0.0005  0.0002  0.0022  351060  13314  7466  446  269  674
PW34 grain 7 0.9480  0.0466  0.0020  0.0008  0.0000  0.0026  364356  10856  1095  655  4  791
PW34 grain 8 0.9587  0.0299  0.0018  0.0007  0.0007  0.0083  382227  7218  972  593  927  2647
PW34 grain 8 0.9633  0.0285  0.0015  0.0000  0.0003  0.0065  386230  6917  829  0  350  2075
GC 272 Area 2
PW52 grain 1 0.7931  0.1857  0.0188  0.0000  0.0002  0.0024  262562  37267  8651  0  181  623
PW52 grain 1 0.8982  0.0928  0.0071  0.0000  0.0001  0.0018  315818  19779  3483  0  124  516
PW52 grain 1 0.8219  0.1715  0.0034  0.0011  0.0000  0.0021  308384  39016  1782  927  0  627
PW52 grain 1 0.8237  0.1682  0.0058  0.0001  0.0000  0.0023  308241  38172  3013  61  0  675
PW 52 grain 2 0.9112  0.0831  0.0040  0.0010  0.0000  0.0006  343339  18995  2094  817  0  194
PW 52 grain 2 0.9094  0.0809  0.0067  0.0000  0.0002  0.0028  324039  17482  3318  0  276  801
PW 52 grain 2 0.9029  0.0913  0.0035  0.0007  0.0001  0.0014  335476  20563  1833  596  115  417
PW 52 grain 2 0.8844  0.1116  0.0020  0.0007  0.0000  0.0014  335047  25629  1047  542  0  420
PW 52 grain 3 0.8218  0.1703  0.0032  0.0010  0.0003  0.0034  325897  40946  1790  867  381  1069
PW 52 grain 3 0.8085  0.1839  0.0042  0.0004  0.0001  0.0028  292085  40282  2101  333  182  822
PW 52 grain 3 0.8118  0.1810  0.0049  0.0011  0.0000  0.0012  297518  40222  2487  900  0  355
PW 52 grain 3 0.8131  0.1827  0.0025  0.0008  0.0003  0.0008  293086  39920  1234  606  341  225
PW 52 grain 4 0.8328  0.1610  0.0045  0.0004  0.0006  0.0006  300449  35217  2274  350  748  175
PW 52 grain 4 0.8089  0.1648  0.0219  0.0000  0.0002  0.0042  254270  31418  9594  0  167  1058
PW 52 grain 4 0.8394  0.1533  0.0055  0.0001  0.0005  0.0012  306168  33890  2780  116  621  355
PW 52 grain 4 0.8033  0.1731  0.0216  0.0000  0.0000  0.0019  269496  35217  10089  0  0  515
PW 52 grain 4 0.9841  0.0144  0.0000  0.0003  0.0004  0.0009  361068  3193  0  214  548  262
GC 272 Area 3
PW60 grain 1 0.9147  0.0809  0.0007  0.0014  0.0006  0.0016  356350  19116  387  1224  804  501
PW60 grain 1 0.8601  0.1349  0.0019  0.0015  0.0005  0.0011  332259  31599  1010  1271  717  344
PW60 grain 1 0.8415  0.1454  0.0091  0.0013  0.0010  0.0017  308598  32322  4636  1063  1262  496
PW60 grain 2 0.8829  0.1128  0.0010  0.0017  0.0003  0.0014  350273  27136  525  1432  433  431
PW60 grain 2 0.8968  0.0966  0.0013  0.0013  0.0001  0.0039  350917  22915  688  1142  170  1229
PW60 grain 2 0.9025  0.0878  0.0047  0.0010  0.0006  0.0033  315746  18634  2295  772  765  913
PW60 grain 2 0.8924  0.1020  0.0010  0.0016  0.0000  0.0030  348200  24121  535  1405  0  952
PW60 grain 3 0.9716  0.0245  0.0025  0.0002  0.0000  0.0010  353419  5409  1290  194  0  305
PW60 grain 3 0.9556  0.0342  0.0081  0.0009  0.0000  0.0012  355849  7714  4228  726  0  347
PW60 grain 3 0.9865 0.0116 0.0011 0.0000 0.0002 0.0007 356635 2538 549 0 243 197
PW60 grain 4 0.9646 0.0332 0.0012 0.0000 0.0000 0.0010 374650 7816 656 0 0 317
PW60 grain 4 0.8967 0.0978 0.0017 0.0010 0.0004 0.0025 332760 22010 864 785 525 734
PW60 grain 4 0.9138 0.0783 0.0027 0.0018 0.0000 0.0035 335762 17449 1360 1422 0 1018
PW60 grain 5 0.8731 0.1198 0.0018 0.0019 0.0007 0.0027 324753 27016 943 1510 933 799
PW60 grain 5 0.8450 0.1381 0.0140 0.0007 0.0007 0.0015 292157 28945 6752 537 863 407
 
 
Table 3.9: Results of ion microprobe elemental analysis for carbonate samples from GC 272. 
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Sample Depth Carbonate Nodule Calculated Temperature of Carbonate Formation
(cm)  d 
18O (‰ PDB) (degrees C1)
00-3627-32
32-2 -10 4.2 7
32-3 -14 -5.1 52
00-3627-34
34-3 -9 -1.9 34
34-5 -16 -0.7 30
34-6 -19 -2.0 36
34-7a -23 -2.2 34
34-7b -23 -0.6 27
34-8 -27 -1.4 38
00-3627-33
33-8 -8 -2.3 36
00-3626-41
41-5 -5 -6.7 60
41-6 -6 -2.9 42
41-7 -7 -0.5 30
41-8 -8 -1.6 35
41-16 -16 -1.1 33
00-3626-42
42-2 -6 -2.7 41
42-3 -10 -3.0 42
42-4 -14 -5.5 54
42-5 -19 -2.0 36
00-3627-49
49-2 -2 1.4 19
49-3 -3 2.9 12
49-4 -4 4.3 6
49-5 -5 3.2 11
49-6 -6 3.4 10
49-7 -7 3.0 12
49-8 -8 1.6 18
49-9 -9 4.1 7
49-10 -10 1.3 19
49-11 -11 2.1 15
00-3627-51
51-1 -1 1.9 18
51-2 -2 3.9 9
51-3 -3 3.6 10
51-4 -4 3.5 10
51-5 -5 3.2 12
51-6 -6 3.5 10
51-7 -7 3.9 8
51-8 -8 2.8 13
51-9 -9 3.3 11
00-3627-52
52-1 -2 3.5 10
52-2 -6 4.2 7
52-3 -10 3.7 9
52-4 -14 3.6 10
00-3627-53
53-1 -2.5 2.7 16
00-3627-58
58-2 -2 3.6 10
58-3 -3 3.8 9
 
Table 3.10: Calculations of the temperature of formation for carbonate nodules from GC 272. 
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Sample Depth Carbonate Nodule Calculated Temperature of Carbonate Formation
(cm)  d 
18O (‰ PDB) (degrees C1)
58-4a -4 3.0 13
58-4b -1.0 31
00-3627-59
59-1 -2 3.3 11
59-3a -10 -3.3 42
59-3b -10 -3.7 44
59-4a -14 -0.1 27
59-4b -14 -1.1 31
59-5 -18 3.6 10
00-3627-60
60-1 -2 3.4 12
60-2 -5 3.6 11
60-4 -12 3.1 14
60-5 -15 3.1 14
60-6 -18 4.4 8
60-7 -21 2.9 15
60-8 -25 2.9 15
 
Table 3.10: (continued)
 
1 temperature of carbonate formation calculated from Erez and Lutz (1983):  
T° C = 17.0 - 4.52(d18Oc - d
18Ow) + 0.03(d
18Oc - d
18Ow)
2 ,  where d18Oc = measured carbonate 
nodule stable d18O value and d18Ow = measured pore fluid d18O for the given interval in the 
sediment. 
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Figure 3.9: Result of gas chromatography analysis of C15+ hexane 
extracts from GC 232 core 97-2900-WMS.  The “hump” under the 
plot is the unresolved complex mixture or “UCM”.
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Figure _: Plots of  (A) % total organic carbon (TOC),(B) total nitrogen (TN),(C) carbon/nitrogen molar ratios
(C/N), and  (D) d13CTOC from GC 232 sediments as well as published data from hydrate bearing sediments
in GC 234 and GC 185 (Wang et al., 2001).  Sediments  GC 234 and GC 185 sediments are similar to the
GC 232 sediments in this study in that they have gas hydrates, crude oil residues, and are host to complex
chemosynthetic communities of bacterial mats
d13CTOC  from the sites in this study are identical to the published values for the other sites.   The sediment
geochemistry from all the sites in shows that they have been strongly affected by hydrocarbon seepage.
Figure 3.10: Plots of  (A) % total rganic carbon (TOC),(B) otal nitroge (TN),(C) carbon/nitrogen molar ratios 
(C/N), and  (D) d13CTOC from GC 232 sediments as well as published data from hydrate bearing sediments in 
GC 234 and GC 185 (from Wang et al., 2001).
 
 
wt. % Total Organic Carbon (T wt. % Total Nitrogen  (TN
160
  
 
161
for typical GOM background sediments as well as published data for sedimentary organics from GC 
185.   Background sediments in the GOM have TOC contents ranging from 0.3 to 1.4 wt. % organic 
carbon (Goni et al, 1999).  Seep sediments from cores 97-2900-WM and 97-2900-OM from GC 232 
have TOC from 2.1wt. % to 12.4 wt. %.  The TOC is a mixture of several carbon sources with different 
d13C. The d13C of sedimentary organic carbon from the GOM ranges from –19.7 ‰ to –21.7 ‰ , PDB 
(Goni et al., 1999), crude oil is ~ -27 ‰  (Kennicutt et al., 1988), methane averages ~ -43 ‰ for 
thermogenic origin and ~ -70 ‰ for thermogenic origin (Brooks et al., 1986).  The mean d13CTOC of the 
for the cores from GC 232 is -27.31 ± 0.55 ‰ PDB, for n = 47 .  Total nitrogen (TN) in cores WM and 
OM averages 0.23 wt. % ± 0.07 for n = 46 comparable to GOM background TN values of 0.13-0.20 at 
similar depths (Goni et al., 1999).  The C/N values for cores WM and OM range from 6.4 to 43.3 
(mean C/N = 16.82 ± 8.1 for n = 46) compared to background GOM C/N values of 5-8 (Goni et al., 
1997).  
3.3.2: Sedimentology, Carbonate Content 
The sediments from GC 232 and GC 185 are composed of dark-gray to black, clay to silt size 
materials typical of the hemipelagic sediment apron draping the continental slope distal to the 
Mississippi River. The background core 95-2647-4 contains 18 wt. % total carbonate (Fig. 3.11A).  The 
carbonate fraction in the background sediment is composed of planktonic and benthic foraminiferal 
tests.  
The sediments from all three sample sites in GC 272 are composed of dark-gray to black 
sediments much like the sediments from GC 232 and Bush Hill sample sites.  The non-carbonate 
fraction of the sediments from GC 272 have more sand-sized particles than the GC 232 samples 
despite coming from deeper water depths.  A background core from GC 272 Area 1 (00-3626-55) 
contains on average 20 weight % total carbonate (Fig. 3.12A), although the top of the core has 
elevated carbonate contents due to the presence in the top 5 cm of a foraminiferal ooze.  The bottom 
of core 3626-55 contains on average 15 weight % carbonate.  
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Figure 3: Percent total carbonate for cores from GC 232, GC 185, and background sediment
shows elevated total carbonate above background sediments.
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Figure 3.11: Percent total car nate f r cores from GC 232, GC 185, and 
background sediment shows elevated total carbonate above background 
sediments.
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Figure _: Percent total carbonate for cores from GC 272 Area 1, an area characterized by bacterial mats
around an active mud volcano.  Total carbonate is not greatly elevated over background sediments,
although the sediments do contain authigenic carbonate phases.
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Figure 3.12: Percent total carbonate for cores from GC 272 Area 1, an area 
characterized by bacteria  mats around n active mud olcano.  
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GC 232 and GC 185 sediments contain authigenic carbonates comprised of centimeter size, 
buff-colored authigenic carbonate concretions. GC 272 sediments are similar to those in GC 232 and 
GC 185, but contain fewer authigenic carbonate nodules.  
In GC 232 and GC 185 sediments, carbonate contents are well elevated above background 
values (Fig. 3.11A).  GC 232 sediments have total carbonate up to 70 weight % with an average of 48 
weight % total carbonate (Fig. 3.11 B) . Samples from core 97-2900-OM from GC 232 average 37 wt. 
%total carbonate(Fig. 3.11 C).  Core 97-2900-WM from GC 232 (Fig. 3.11 B) has a large increase in 
carbonate content at approximately –12 cm as does core 97-2900-OM at –2 cm and –20- cm.  Cores 
95-2639-PW3 and PW4 average 35 wt. % and 37 wt. % total carbonate (Fig. 3.11 D and F), 
respectively. GC 185 seep sediments from core 95-2647-M2 average 30 weight % total carbonate 
(Fig. 3.11 E).  
Sediments from GC 272 Areas 1 and 3 (Figs. 3.12 and 3.14) contain much less carbonate 
than  GC 232 and 185 sediments, averaging 21 weight % total carbonate. For cores 3636-33-31-32 
and 34 from GC 272-1 (Fig. 3.12 B,C,D,E) the carbonate content averages 20 wt. % with some 
intervals containing as much as 26 wt. % carbonate.  Cores from GC 272 Area 3 also contain few 
authigenic carbonate nodules.  Total carbonate in cores 3727-58, 59, and 60 from GC 272-3 contain 
20 wt. % total carbonate. All cores from GC 272 Area 2 (Fig. 3.13) have elevated carbonate (up to 40 
wt. %).    
A plot of weight % total carbonate versus weight % coarse particles (Fig. 3.15) shows a 
correlation between elevated carbonate and a coarsening of the sediment.  The background cores 
(95-2647-4 and 00-3627-55, Fig. 3.15A) have low carbonate content and are generally fine grained. 
Coarse sediments in core 55 from GC 272 correspond to a foram-rich layer in the top 5-cm of the core. 
Cores from GC 232 and GC 185  as well as GC 272 Areas 2 and 3 (Fig. 3.15D, 3.15E) have a positive 
correlation between wt. % carbonate and wt. % coarse implying that elevated carbonate content leads 
to coarser sediment compared to low carbonate fine-grained hemipelagic sediments in background 
non-seep areas.  Cores from GC 272 Area 1 (Fig. 3.15C) are only slightly coarser than the 
background sediments and have low carbonate contents.  
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Figure 3.13: Percent total carbonate for cores from GC 272 Area 2.
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Figure _: Percent total carbonate for cores from GC 272 Area 3, an area characterized by
orange and white Beggiatoa bacterial mats and shallow  gas hydrates. Total carbonate for
this site is  elevated over background sediments.
Figure 3.14: Percent total carbonate for cores from GC 272 Area 3, an area 
characterized by orange and white Beggiatoa bacterial mats and shallow  gas 
hydrates. 
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Figure 4: Plot of % weight total carbonate in the sediments versus % coarse (> 63m).  (A) The background cores (95-2647-4 and 00-3627-55) have low carbonate
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Figure 3.15: Plot of % weight total carbonate in the sediments versus weight % coarse (> 63m).  
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3.3.3:  Sediment and Carbonate Nodule Mineralogy 
Quantitative estimates of clay mineral percentages from sediments typical of the background 
sediments studied here were reported by Ferrell and Aharon (1994).  Illite dominates the clay mineral 
assemblage with a median value greater than 50 weight percent.  The illite principally occurs as an Fe-
rich variety and in an Fe-poor, illite-rich I/S.  Median values for smectite, chlorite, and kaolinite range 
from 12-18 weight percent, with chlorite being the most abundant and smectite the least.  
Figure 3.16 shows examples of representative X-ray diffraction patterns for carbonate nodule 
samples from GC 232 core 95-2639-PW4.  “A” in Figure 3.16 is from a nodule consisting of high-Mg 
calcite (HMC) and “B” is for a nodule exhibiting a mixed aragonite/HMC mineral content.  All 
carbonates contain small amounts of quartz from the surrounding sediment and the quartz peak at 
26.7° 2q allows for calibration of the other peaks to their true positions.  Aragonite has peaks between 
26-28 ° 2q  and a second peak near 33° 2q which overlaps the primary pyrite peak at that position.  
Comparison with the aragonite-free sample shows that pyrite is not a major component of these 
carbonate samples.  Positions of the calcite peak at  approximately 30° 2q were converted to molar 
fraction MgCO3 with a calibration curve using the methods of Goldsmith et al., (1961) and show that 
the High-Mg calcite in all of the samples is approximately 0.12 mole fraction MgCO3, comparable to 
other carbonates in GOM seeps (Ferrell and Aharon, 1994). Figure 3.17 shows representative 
examples of X-ray diffraction patterns for bulk sediment and carbonate nodule samples from GC 232 
core 95-2639-PW4.  The bulk sediment diffraction pattern is similar  to the carbonate nodule diffraction 
pattern with a few differences.  The quartz peak at 26.7° 2q is more intense in the bulk sediment. 
Peaks in the 28° 2q region indicate the presence of  feldspars.  The calcite peak at approximately 
29.4° 2q represents detrital foraminiferal calcite. This calcite peak is absent from the nodule meaning 
that forams, are not major contributors to the carbonate nodules.  The peak at 31° 2q in the bulk 
sediment represents secondary peaks of the various clay minerals in the fine fraction. Figure 3.18 
shows X-ray diffraction patterns for bulk samples from dolomite/HMC sediments from GC 272, 
dolomite sediments from GC 272,  and aragonite/HMC sediments from GC 232. 
 
Figure 3.16: Representative X-ray diffraction patterns for carbonate nodule samples 
from GC 232 core 95-2639-PW4.  Profile A is from a nodule consisting of high-Mg 
calcite (HMC) and profile B is for a nodule exhibiting a mixed aragonite HMC 
mineralogy.  (Arag = aragonite, HMC = high Magnesium calcite, qtz = quartz)
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Figure 3.17: Examples of representative X-ray diffraction patterns for bulk sediment 
(A) and carbonate nodule (B) samples from core 95-2639-PW4 from GC 232. (Arag = 
aragonite, HMC = high Magnesium calcite, qtz = quartz)
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Figure 3.18: Examples of representative X-ray diffraction patterns for bulk samples 
from dolomite/HMC sediments from GC 272 (A-B), dolomite sediments from GC 272 
(C-E),  and aragonite/HMC sediments from GC 232 (F). (Arag = aragonite, HMC = 
high Magnesium calcite, qtz = quartz, dolo = dolomite)
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Variation in weight % aragonite and weight % high Mg-calcite (and weight % dolomite for GC 
272 sediments where applicable) in the whole sediment from GC 232 and GC 185 and GC 272 cores 
versus depth are shown in Figures 3.19, 3.20, 3.21 , and 3.22. Cores WM (Fig. 3.19A) and OM (Fig. 
3.19B) have varying amounts of high-Mg calcite ranging between 15 to 30 wt. % of the sediment.  
Superimposed over this in the WM core is an aragonite component with aragonite increasing to nearly 
60 wt. % at 12 cm.  Aragonite in core OM never increases above 12 wt. % of the sediment.  GC 185 
sediments in core 95-2647-M2 (Fig. 3.19E) are dominated by HMC over aragonite below the first 5 
cm, which contains aragonite. 
The cores from GC 272 area 2 have very little dolomite but large amounts of HMC (Fig 3.21). 
GC 272 cores contain no aragonite and their mineral content is dominated by HMC and dolomite.  
Sediments in  core 00-3726-32 from GC 272 Area 1 consistently contain more dolomite than HMC 
(Fig. 3.20A).  Sediments  from cores 00-3626-34, 41 and 42 consistently contain more dolomite as 
well.  At certain intervals, however, the HMC amount becomes more pronounced. 
The excess carbonate (carbonate over background carbonate content) in the sediments from 
GC 232 and GC 185 are indurated nodules (90% carbonate)  composed of both high-Mg calcite 
(HMC, with 0.9 to 0.15 mole fraction magnesium carbonate)and aragonite. The HMC forms pelloidal 
structures approximately 20 mm in diameter. Aragonite cements form interlocking stellate bundles of 
aragonite needles, while many of the larger voids are lined with aragonite botroiyds. GC 272 
carbonates have no aragonite and consist of small (mm-sized) dolomite and HMC nodules.  The 
carbonates from all sites also contain pyrite and crude oil residues.  
3.3.4:  Elemental Chemistry of Carbonate Nodules 
Results of electron microprobe analysis of carbonate nodules are plotted in Figure 3.23.  The 
magnesium content for Mg-calcites from GC 232 and GC 185 samples (Fig. 3.23A) ranges from 0.11 
mole fraction to 0.16 mole fraction MgCO3 with a mean value of 0.14 mole fraction MgCO3 (± 0.1 mole 
fraction for n = 22).  Aragonite samples from GC 232 and GC 185 contain virtually zero magnesium 
with an average Mg2+ content of 0.02 mole fraction MgCO3, which is near the detection limit of the ion 
microprobe.  Figure 3.23C shows cross plots of Sr2+ and Mg2+ for GC 232  and GC 185 carbonate  
Figure 3.19: Carbonate content of bulk sediments from GC 232 and GC 185.
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Figure 3.20: Carbonate mineralogy of bulk sediments from GC 272 Area 1.
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Figure 3.21: Carbonate mineralogy of bulk sediments from GC 272 Area 2 and background 
sediments from GC 272.
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Figure 3.22: Carbonate mineralogy of bulk sediments from GC 272 Area 3.
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samples (in units of parts per million).  Aragonite samples are distinguished by their high Sr2+ contents 
(ranging from ~ 7,000 ppm up to ~17,000 ppm with a mean value of 10,961 ppm for n = 14), typical of 
aragonites precipitating from seawater.  Mg-calcite samples from GC 232 and GC 185  have average 
Sr2+ contents of only 734 ppm.    
3.3.5:  Carbonate Petrography, Cement Morphology 
Thin section photomicrographs, scanning electron microscope (SEM) images,  and 
backscattered electron images for carbonates from Green Canyon seeps are shown in Figures 3.24-
3.28.  The average size of the HMC pelloids from GC 232 and GC 185 is several tens of micrometers.  
The shape of the pelloids is roughly spherical.  The pelloids have a microcrystalline structure which in 
SEM images appears as an aggregate of tiny Mg-Calcite and/or aragonite crystals and clay flakes 
(Fig. 3.24G).  Aragonite is present inside the nodule and as secondary cements lining cavities.  The 
size of crystals within pelloids appears to be generally uniform. Thin section photomicrographs of 
carbonate nodules  from core 97-2900-WM (GC 232) seen in Figure 3.24A show the arrangement of 
high-Mg calcite  pelloids and stellate aragonite cements.  A photomicrograph of this carbonate nodule 
at higher magnification (Fig.3.24B) shows aragonite cements as isopachous cements filling voids, 
suggesting secondary cementation.  Thin section photomicrographs of carbonate nodules from core 
97-2900-OM, GC 232 (Fig. 3.24C) show the variations among carbonates sampled from different parts 
of the same sediment core  The  nodule on the left in Figure 3.24C is composed entirely of HMC 
cements.  The right nodule in Figure 3.24C is composed primarily of aragonite cements. The 
differences in bulk carbonate fabrics can be seen in scanning electron microscope image showing 
irregular nature of carbonate nodules with varying mineralogy.  Carbonate nodules that  are 
predominately aragonite from core 97-2900-WM (GC 232) have a rougher surface morphology (Fig. 
3.24E) than HMC carbonate nodules (Fig. 3.24F).  Scanning electron microscope images at higher 
magnifications  of a nodule from GC 232 (Fig. 3.24G) show the boundaries of HMC pelloids with 
bundles of aragonite needles filling interstitial voids.  Some of the pelloids from GC 232 and GC 185 
have a fine grained nucleus composed of darker, anhedral crystals surrounded by a more coarsely 
crystalline rim of euhedral crystals (Fig. 3.24D).  
Figure 3.24: (A)  Thin section photomicrograph of carbonate nodule  from core 
97-2900-WM (GC 232) shows high-Mg calcite  pelloids (darker areas labeled 
“hmc” ) and stellate aragonite cements (lighter colored needles labeled “a”).  
Field of view approximately  1 mm wide. (B)  Thin section photomicrograph of 
carbonate nodule (from GC 232) at higher magnification shows aragonite 
cements as isopachous cements filling voids, suggesting secondary 
cementation.  Field of view approximately 200 µm wide.  (C) Thin section 
photomicrograph of carbonate nodules from core 97-2900-OM (GC 232).  The  
nodule on the left side of the image is composed entirely of HMC cements.  The 
right nodule is composed primarily of aragonite cements.   Field of view 
approximately 1mm wide.  (D) Thin section photomicrograph showing detail of 
carbonate cement from 97-2900-WM (GC 232) which has a fine grained 
nucleus composed of darker, anhedral crystals surrounded and a more 
coarsely crystalline rim of euhedral crystals. These structures are interpreted 
to be precipitates on the surface of bacterial clumps.   Field of view 
approximately 50 µm wide.  (E)  Scanning electron microscope image showing 
irregular nature of carbonate nodules that are predominately aragonite from 
core 97-2900-WM (GC 232).  Scale bar = 2 mm.  (F)  Scanning electron 
microscope image showing  general shape of HMC carbonate nodules from 
core 97-2900-OM (GC 232).  Scale bar = 1 mm. (G)  Scanning electron 
microscope image of nodule from GC 232 showing boundaries of HMC pelloids 
with bundles of aragonite needles filling interstitial voids.  Round particle in the 
center of the image is a framboidal pyrite grain.  Scale bar = 50 µm.  H)  
Scanning electron microscope image from GC 232 sediments showing detailed 
view of cylindrical aggregates of pyrite framboids approximately 100-150 mm in 
diameter which may represent fossilized pyritized casts of Beggiatoa bacteria .  
Scale bar = 150 µm.
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Figure 3.24:  (continued)
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Pyrite in  GC 232, GC 185, and GC 272 sediments occurs as spherical aggregates of tiny 
pyrite grains (framboids) and as single euhedral or subhedral crystals (see Fig. 3.24G and H).  Pyrite 
framboids are commonly scattered in the intergranular pores of the sediment as well as within 
carbonate nodules.  The diameter of framboidal aggregates ranges between 5 to 10 mm, and the tiny 
crystals forming the aggregates are normally less than 1 mm in size. 
Backscattered electron (BSE) images of carbonate nodules from GC 232 core 97-2900-WM 
(Fig. 3.25A) and core OM (Fig. 3.25B) provide a clearer demonstration of carbonate cement 
morphologies.  Sr-rich aragonite cements have brighter backscattered characteristics due to their 
higher atomic weight and can be seen more readily than the  HMC peloids which are not as bright.  
Brightest spots are pyrite inclusions. These BSE images of carbonate nodules  clearly show aragonite 
growth around the rim of the nodule and in voids within the nodule, implying secondary growth of the 
aragonite crystals. 
Thin section photomicrographs of carbonate nodules from core 95-2647-M2 from GC 185 in 
Figure 3.26 A, B, C show HMC pelloids and aragonite cements.  Carbonate nodule size, morphology, 
and mineralogy are identical to those from GC 232 as described above.  The nodules in Figure 3.26A 
and 3.26B are predominantly composed of HMC but display aragonite growth around the rim of the 
nodule. 
Despite the mineralogical differences between GC 232 and GC 185 carbonate nodules 
compared to GC 272 carbonate nodules, the nodules from GC 272 resemble the GC 232 carbonates 
in shape and size.  GC 272 carbonates are slightly smaller (on average) than the nodules from GC 
232, averaging approximately 3 mm or smaller and the high-Mg calcite phase is not composed of 
pelloids, rather they are microcrystalline Mg-calcite cement.  (Figures 3.27 and 3.28 show 
dolomite/HMC nodules from GC 272 area 1 and 3).  For carbonate nodules in GC 272 the dolomite is 
either disseminated within the nodule or forms on the outer surfaces as in Figure 3.27 (C and D). 
3.3.6:  Ikaite Pseudmorphs in GC 272 Area 1 Sediments 
Ikaite pseudomorphs, or glendonites, are found in sediments from GC 272 area1, cores 00-
3026-32 and 00-3026-34.  The glendonites average 1 mm in length and occur as stellate crystals,  
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Figure 3.25: (A)/(B)  Backscattered electron images of carbonate nodule from GC 
232 (core 97-2900-WM (A) and core OM (B)) show carbonate cement morphologies.  
Sr-rich aragonite cements are brighter due to their higher atomic weight.  HMC 
peloids are clearly visible.  Bright spots are pyrite inclusions.  Scale bar = 100 µm.C)  
Backscattered electron image of carbonate nodule from core WM in GC 232.  This 
nodule is  predominantly composed of HMC but shows aragonite growth around the 
rim of the nodule and in voids within the nodule.  Scale bar = 100 µm. D) 
Backscattered electron image of carbonate nodule from core PW4 in GC 232.  Scale
bar = 100 µm.
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Figure 3.26: A)Thin section photomicrograph of carbonate nodule from 
core 95-2647-M2 (GC 185) shows high-Mg calcite (hmc) pelloids and 
aragonite (a) cements.  Field of view approximately 1 mm wide. B)  Thin 
section photomicrograph of carbonate nodule from core 95-2647-M2 (GC 
185).  This nodule is  predominantly composed of HMC but shows 
aragonite growth around the rim of the nodule.  Field of view = 1 mm wide.  
C) Thin section photomicrograph of carbonate nodule from core 95-2647-
M2 (GC 185).  This nodule is  predominantly composed of HMC.  Field of 
view = 1 mm wide. D) Backscattered electron image of carbonate nodule 
from core 95-2647-M2 showing aragonite cements forming around HMC
peloidal cements.  Scale bar = 100 µm.
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Figure 3.27: A)/B) Examples of HMC/dolomite nodules from  core 
00-3637-34 (GC 272 Area 1) Size of nodules approximately 3 mm.  
C)/D)   Backscattered electron images of carbonate nodules from 
core 00-3627-34 (GC 272 Area   1) showing relationship between 
HMC and dolomite cement. Dolomite appears to be secondary to 
the HMC cement.  Background sediments are slightly coarser than 
those from GC 232 and the carbonate nodules contain large quartz
grains visible in (D) are darker in the BSE image. Scale bar = 100 µm.
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Figure 3.28: SEM and Backscattered electron images from GC 272 Area 3. A:  
SEM image of carbonate nodules shows quarzt grains embedded in carbonate 
cement.  C: distruibutions of dolomite (dol), High-Mg Calcite (hmc), and quartz 
grains (qtz).  
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single crystals, and occasionally as clusters of several crystals 2-3 mm in size (Fig. 3.29).  The 
crystals are cloudy or yellowish white to translucent brown akin to brown glass (Fig. 3.29). XRD 
diffraction patterns (Fig. 3.30) show that the crystals consist entirely of calcite. Ikaite is a low-Mg, low-
Sr calcium carbonate.  Elemental analysis by microprobe shows that the crystals contain calcium and 
only traces of other cations. Figure 3.31 shows that the ikaite pseudomorphs from GC 272 averaging 
0.3 mole fraction MgCO3 (Fig. 3.31A), comparable to Mg-contents of reported ikaite 
pseudomorph/Glendonite occurrences from Australia and Siberia (Fig. 3.31b; DeLurio and Frakes, 
2001; Kaplan, 1978).  The ikaite pseudomorphs contain only 572 ppm Sr2+(Fig. 3.31C).  
3.3.7:  Carbonate Nodule d18O 
Figures 3.32, 3.33, 3.34, 3.35, and 3.36 show measured d18O of carbonate nodule samples 
from seep sediments along with the predicted range of d18O values calculated for calcite, high-Mg 
calcite, and aragonite based on measured  pore fluid temperature and pore fluid stable isotopic 
composition 
Stable oxygen isotopes of carbonate nodules from the sediments in GC 232 (Fig. 3.32) display 
a general lack of major variation (d18O = 3.42 ± 0.58 ‰ PDB for n = 85). Oxygen isotopes for nodules 
from GC 185 (Fig. 3.33) are also similar to those for GC 232 carbonates  (d18O = 3.46 ± 0.54‰ PDB 
for n = 14). Carbonate d18O values from GC 272 sediments (Figs. 3.34, 3.35, 3.36) are more varied , 
ranging from –6.65 to +4.38 ‰ PDB, for n = 62 with mean d18O  = 0.89 ± 3.12 ‰ PDB, for n = 62 
(Data compiled in Table 3.3).   
3.3.8:  Carbonate Nodule d13C 
Figure 3.37 is a plot of  carbonate nodule d13C was well as the predicted range of d13C values 
calculated for calcite, high-Mg calcite, and aragonite based on measured  pore fluid stable isotopic 
composition for cores from GC 232 (mean d13C  =  -17.9 ± 3.57 ‰ PDB, for n = 85).  Similar plots of 
measured d13C for carbonate nodules compared to calculated values are shown for GC 185, GC 272 
Area 1, GC 272 Area 2, and GC 272 Area 3 in figures 3.38, 3.39, 3.40, and 3.41, respectively. 
Down-core profiles of carbon stable isotope ratios of authigenic carbonate nodules  from GC 
232 show that they are depleted in 13C compared to normal detrital foraminiferal carbonate (in which  
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Figure 3.29:  Ikaite pseudomorphs/Glendonites found in GC 272 Area 1 mud 
volcano sediments.  (A-B) The stellate nature and color of the grains (grains 
approximately 1mm).   (C-E) backscattered electron images of grains used for 
elemental analysis.  (scale bars = 100 mm) (G-H) SEM images of glendonite
grains.  
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Figure 3.31: Elemental analysis of ikaite pseudomorphs from GC 272 Area mud 
volcano sediment.  
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Figure 3.32: Downcore d18O profiles for carbonate concretions from GC 232 
plotted with ranges of d18O values calculated using measured pore fluid 
isotope composition and temperature.
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Figure 3.33: Downcore d18O profiles for carbonate concretions from Bush Hill 
GC 185 plotted with ranges of d18O values calculated using measured pore 
fluid isotope composition and temperature.
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Figure 3.34: Downcore d18O profiles for carbonate concretions GC 272 Area 1 
plotted with ranges of d18O values calculated using measured pore fluid 
isotope composition and temperature.
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Figure 3.35: Downcore d18O profiles for carbonate concretions GC 272 Area 2 
plotted with ranges of d18O values calculated using measured pore fluid 
isotope composition and temperature.
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Figure 3.36: Downcore d18O profiles for carbonate concretions GC 272 Area 3 
plotted with ranges of d18O values calculated using measured pore fluid 
isotope composition and temperature.
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Figure 3.37: Downcore d13C profiles for carbonate concretions from GC 232 plotted with 
the ranges of d13C values calculated for carbonates precipitated from pore fluids of 
measured isotopic composition.
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Figure 3.38: Downcore d13C profiles for carbonate concretions from Bush Hill GC 185 
plotted with ranges of d13C values calculated for carbonates precipitated from pore fluids of 
measured isotopic composition.
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Figure 3.39: Downcore d13C profiles for carbonate concretions from GC 272 Area 1 
plotted with ranges of d13C values calculated for carbonates precipitated from pore fluids of 
measured isotopic composition.
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Figure 3.40: Downcore d13C profiles for carbonate concretions GC 272 Area 2 plotted with 
ranges of d13C values calculated for carbonates precipitated from pore fluids of measured 
isotopic composition.
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Figure 3.41: Downcore d13C profiles for carbonate concretions GC 272 Area 3 
plotted with ranges of d13C values calculated for carbonates precipitated from 
pore fluids of measured isotopic composition.
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d13C = ~ 0 ‰ PDB) found in the sediment (mean d13C  =  -17.9 ± 3.57 ‰ PDB, for n = 85). Down-core 
profiles of stable isotope ratios of authigenic carbonates from GC 185 are more depleted in 13C than 
GC 232 carbonates (mean d13C  =  -24.19 ± 1.17 ‰ PDB, for n = 14) and  d13C  values of the 
carbonates show no major variations down-core.  
Down-core stable isotope profiles of bulk sedimentary carbonate in cores 97-2900-WM and 
97-2900-OM) show that they are also depleted in 13C compared to normal detrital foraminiferal 
carbonate found in the sediment (d13Cbulk ranges from –15.84 to –1.18 ‰ PDB, for n = 46; mean 
d13Cbulk  =  -12.74 ± 2.80 ‰ PDB, for n = 46). 
Table 3.5 shows d13Cvalues of several carbonate nodules from two subsamples (-12 cm and –
21 cm) from core 97-2900-WM.  Multiple samples from the same depth in the core have statistically 
indistinguishable stable isotope ratios. 
Carbonate stable isotopes from GC 272 are more varied due to the different sampling 
locations. For all cores from GC 272  the carbonate d13C  values range from –39.48 to –12.60 ‰ PDB, 
for n = 62 with the  mean GC 272 carbonate d13C  =  -27.02 ± 7.87 ‰ PDB, for n = 62. Carbonate d18O 
values are particularly varied , ranging from –6.65 to +4.38 ‰ PDB, for n = 62 with mean d18O  = 0.89 
± 3.12 ‰ PDB, for n = 62 (Data compiled in Table 3.3). 
3.3.9:  Bulk Sediment Carbonate d13C 
Down-core stable isotope profiles of bulk sedimentary carbonate in cores 97-2900-WM and 
97-2900-OM (Fig. 3.42A) show that they are also depleted in 13C compared to normal detrital 
foraminiferal carbonate found in the sediment (d13Cbulk ranges from –15.84 to –1.18 ‰ PDB, for n = 46; 
mean d13Cbulk  =  -12.74 ± 2.80 ‰ PDB, for n = 46).  The  d
13C  values of the carbonates show major 
variations down-core related to mixing of detrital normal marine carbonates and the isotopically light 
authigenic carbonates.  Oxygen isotopes display large variations (d18Obulk ranges from 3.70 to 0.55 ‰ 
PDB, for n = 46; mean d18Obulk  =  2.07 ± 0.78 ‰ PDB, for n = 46). Variations in bulk sediment d
18O are 
attributable to mixtures of carbonate phases (forams, authigenic carbonates) formed at different 
depths in the water column.  For both cores 97-2900-OM and 97-2900-WM the measured d13Cbulk are 
uniform downcore and slightly isotopically heavier than the d13C values for the carbonate nodules  
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Figure 3.42: Profiles of measured carbonate stable isotopes from bulk sediment 
d13C (A) and  d18O (B) from GC 232. 
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(mean d13Cbulk for cores WM and OM =  -12.74 ± 2.80 ‰ PDB, for n = 46; mean ; mean d
13Cnodule  =  -
15.26 ± 2.04 ‰ PDB, for n = 48 for cores WM and OM).   
3.4:  Interpretation of Results 
3.4.1:  Gas Hydrates, and Biodegraded Crude Oil in Seep Sediments 
Chapter 2 presented pore fl uid geochemistry evidence for the presence of gas hydrates in the 
sediments in this study.  The sediment geochemistry from the GC 232 sediments shows that they 
have been strongly affected by hydrocarbon seepage (Fig. 3.10).  All cores have elevated TOC (up to 
12 wt. %) compared to background sediments. The TN values indicate that the sites have not been 
subjected to large amounts of post-depositional degradation of terrestrial-derived sedimentary 
organics.  d13CTOC values (from –26 to –28 ‰ PDB) also show  influence of petroleum hydrocarbons. 
Gas chromatograph analysis of crude oil from GC 232 sediments (Fig. 3.9) show incomplete 
biodegradation of crude oil from the sediment and implies a recent emplacement of the seep oil in GC 
232. Extremely high C/N values at –17 cm and –23 cm in cores OM and WM, respectively, correspond 
to areas in the core where there are large pods of liquid oil.  
3.4.2:  Authigenic Carbonate Formation, Mineralogy, Chemistry, Cement Morphology 
Chapter 2 presented evidence of pore fluid super-saturation with respect to carbonates and 
ongoing formation of carbonates from the extant pore fluids. The elevated carbonate contents of 
sediments from GC 232 (up to 70 wt. % carbonate) and GC 185 (up to 40 wt. % carbonate) are 
evidence of the persistence of the carbonate forming processes in those sediments over time.  Low 
carbonate contents in GC 272 sediments (averaging ~20 wt. % carbonate) imply that these sediments 
are only now experiencing the earliest stages of hydrocarbon seepage and therefore have not had 
enough time to develop large carbonate complexes.  Alternatively, the fluid venting at the low 
carbonate sites may be either too fast or too slow to allow for maximum microbial metabolization of 
hydrocarbons that results in carbonate formation.  Since the samples from GC 272 area 1 were 
collected around the rim of a large mud volcano which is actively venting fluidized sediment and 
hydrocarbons it is unlikely that the formation of carbonates is limited by the supply of hydrocarbons.  
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Carbonate formation in these sediments where sulfate reduction rates are extremely high may also be 
limited by diffusive supply of sulfate from above.   
The magnesium content for Mg-calcites from GC 232 and GC 185 samples calculated using 
ion microprobe analysis (Fig. 3.23) ranges from 0.11mole fraction to 0.16 mole fraction  MgCO3.  
Slight heterogeneity in Mg2+ content in the high-Mg calcite from GC 232 and GC 185 authigenic 
carbonates (Fig. 3.23) is the result of continuous variations in the physicochemical conditions in the 
microenvironment at the site of carbonate precipitation which are controlled by a combination of the 
upward migration of hydrocarbons and bacterial activity.  There are no major downcore trends in the 
Mg2+ content of the carbonate nodules related to changes in the Mg/Ca ratios in the pore fluids which 
are affected by carbonate precipitation. The presence of pyrite in the sediments as opposed to Mn- or 
Fe-rich carbonates is evidence for continual microbial sulfate reduction driven by constant seepage. 
The carbonate nodules represent formation in the top few cm of the sediment as a direct result 
of continual microbially-mediated sulfate reduction reactions driven by pervasive hydrocarbon seepage 
and the presence of has hydrates.  The difference in aragonite and Mg-calcite mineralogy is 
interpreted to be the result of  varying amounts of sulfate in the pore fluids as sulfate reduction 
reactions and diffusion from overlying seawater affect the amounts of sulfate in the pore fluids.  The 
preponderance of aragonite over Mg-calcite in sediments from GC 232 and GC 185 indicates 
continual carbonate precipitation at the sediment-water interface resulting in early aragonites (under 
high sulfate conditions) and later precipitation of Mg-calcite (under lower sulfate conditions) as pore 
fluid sulfate contents vary according to the amount of microbial sulfate reduction and influx of sulfate-
rich seawater  The carbon mass balances required for precipitation of the large volumes of carbonate 
cannot be maintained in a closed system, there  must be fluid exchange between the sediments and 
the overlying water column.  This exchange is affected by the coarsening of the sediment after 
continued precipitation of carbonate. 
Plots of the variation in weight % aragonite and weight % Mg-calcite in the total sediments for 
cores from GC 232 (Fig. 3.19) show that cores WM (Fig. 3.19A) and OM (Fig. 3.19B) have varying 
amounts of high-Mg calcite ranging between 15 and 30 wt. % of the sediment.  Superimposed over 
this in the WM core is an added aragonite component with aragonite increasing to nearly 60 wt. % at 
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12 cm.  Aragonite in core OM never increases above 12 wt. % of the sediment. Detailed observations 
with scanning electron microscopy and thin section analysis do not show evidence of aragonite re-
crystallization into Mg-calcite.  Rather, mineralogical trends are consistent with the mineralogy being 
controlled by gradients of dissolved sulfate, the most important inhibitor of Mg-calcite precipitation. In 
core OM the aragonite is incorporated into the nodule as a whole, reflecting early precipitation of 
aragonite under slightly reducing conditions followed by more precipitation of Mg-calcite under 
conditions of lower sulfate and higher phosphate conditions.  This also happened in core WM, but 
there was a later influx of sulfate-rich water which led to increased carbonate production where fluid 
chemistry favored aragonite precipitation.  This is seen in botyryoidal aragonites that line cavities and 
form isopachous layers around Mg-calcite pelloids.  Cores PW3 and PW4 show an equivalent 
mineralogy (Fig. 3.19C and D) and carbonate morphology.  The preponderance of aragonite over Mg-
calcite in these sediments points to  continual carbonate precipitation at the sediment-water interface 
resulting in early aragonites and later precipitation of Mg-calcite after increased sulfate reduction.  
Mineralogy of GC 185 sediments in core 95-2647-M2 (Fig. 3.19E) is dominated by HMC over 
aragonite below the first 5 cm.  As is the case with sediments from GC 232, this is compatible with 
aragonite precipitation in nearsurface sulfate-rich sediments.  As sulfate is depleted very rapidly in 
core M2 HMC precipitation dominates. 
Bulk mineralogy of sediments  from GC 272 Areas 1 and 3 (Fig. 3.20, 3.22) displays the 
effects of the intense rates of sulfate reduction at these sites evidenced by the rapid sulfate depletion.  
This depletion of sulfate creates a geochemical environment where the precipitation of dolomite and 
high-Mg calcite dominates. The cores from GC 272 area 2 have very little dolomite but large amounts 
of HMC (Fig 3.21).  Sediments from core 00-3726-32 from GC 272 Area 1 consistently contain more 
dolomite than HMC (Fig. 3.20A).  Sediments  from cores 00-3626-34, 41 and 42 consistently contain 
more dolomite as well.  At certain intervals, however, the HMC amount become more pronounced.  
This increase in HMC at certain levels is the result of variations in the amounts of SO4, alkalinity, and 
DIC.  
Despite the mineralogical differences between GC 232 and GC 185 carbonate nodules 
(carbonate composed of aragonite and Mg-calcite but no dolomite) compared to GC 272 carbonate 
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nodules (carbonate composed of dolomite and Mg-calcite but no aragonite), the nodules from GC 272 
resemble the GC 232 carbonates in their shape and size. The similarity of carbonate nodule size and 
shape indicates that the carbonate-forming processes occurring at the different sites are similar in that 
there is an advection of hydrocarbons from below that are subjected to bacterial utilization with creates 
the necessary geochemical conditions for carbonate formation. The formation of HMC/dolomite 
nodules in GC 272 sediments is analogous to the formation of aragonite/HMC nodules in  seep 
sediments from GC 232 and GC 185 in that the sulfate inhibition effects on the precipitation of 
dolomite mean that it will only form either in the later stages of sulfate reduction or during the influx of 
sulfate depleted fluids. This implies late stage dolomite formation from sulfate-depleted fluids after 
intense sulfate reduction. Additionally, the GC 272 Area 1 mud volcano site is situated within the 
pressure/temperature conditions favorable for ikaite stability and ikaite pseudomorphs are found in 
sediments from GC 272 area1, cores 00-3026-32 and 00-3026-34. 
3.4.3:  Bacterial Fossilization in Seep Sediments   
Bacteria should play a prominent role in catalyzing the precipitation of carbonate minerals.  
The texture of the pelloids from GC 232 and GC 185 suggests they formed on the surface of bacterial 
colonies   Micrometer-sized clumps of clay particles act as a substrate for the settlement of microbial 
colonies.  Botroidal aragonites arising from nuclear masses of dark-brown substances (Fig. 3.24A and 
3.24B) may represent the remains of bacterial clumps.  These centers of bacterial activity create a 
microenvironment favoring the initial precipitation of carbonates. Pyrite framboids from sediments  in 
the GC 232 and GC 272 study sites preserve examples of direct fossilization of bacteria.  Roughly 
cylindrical aggregates of pyrite framboids approximately 100-150 mm in diameter could represent 
fossilized pyritized casts of Beggiatoa bacteria (Fig. 3.24H). 
3.4.4:  Carbonate d18O Ratios as Tracers of Carbonate Formation 
Authigenic carbonate nodules from GC 232 and GC 185 have d18O ratios that indicate they 
precipitated from fluids at ambient bottom water  temperature and with identical isotopic compositions 
to the fluids squeezed from the core.  The oxygen isotope values from some carbonate nodules in GC 
272 have very light values (d18O as low as –6.7 ‰ PDB).  These light d18O ratios from GC 272 
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carbonate nodules give evidence of permanent recorders of “warm vents” in the GOM.  Carbonates 
from GC 272 Area 1  have oxygen isotopes indicating that they were formed at a range of 
temperatures as high as 59° C (Table 3.10).  Carbonates from GC 272 Area 2  are generally formed at 
temperatures that are within the range of possible temperatures for 700 m in the GOM.  Samples from 
GC 272 Area 3 show a variation of formation temperatures with samples from core 00-3627-60 
indicating precipitation at ambient temperatures, while cores 00-3627-58 and 59 appear to have been 
precipitated at varying temperatures from ambient temperatures to temperatures as high as 40° C. 
3.4.5:  Carbonate d13C Ratios as Tracers of Hydrocarbon-Derived Carbon Sources for the Carbonates 
Two trends are evident in plots of carbonate nodule d13C from GC 232 sediments (Fig. 3.37).  
First, there is a distinct uniformity of the carbonate d13C compared to pore fluid d13CDIC, whose values 
become more depleted in d13C with depth, representing a mixing of seawater DIC with DIC derived 
from more isotopically-depleted hydrocarbon sources from below.   Second, the calculated and 
measured values of d13Ccarbonate overlap at the top of the core.  This is in the zone of sulfate reduction, 
indicating that there is an active zone of sulfate reduction-driven carbonate precipitation at the top of 
the cores and that these carbonates form in this zone and stack on top of one another as the sediment 
accumulates through time.  This interpretation is supported by the mineralogy of the carbonates from 
GC 232 discussed earlier which demonstrates that they formed at or near the sediment -water 
interface. 
Considering the varied pool of carbon sources in GOM seep sediments, is it unlikely that the 
carbon in the authigenic carbonates from GC 232  are derived from an individual hydrocarbon source. 
The stable isotope results for GC 232 carbonates (Fig. 3.27) indicate that non-methane hydrocarbons 
are the dominant carbon sources for the precipitation of authigenic carbonates in the hydrate and seep 
environments as well as a small but significant proportion of carbon from seawater DIC.   Methane is a 
contributor to, but not the dominant source of, carbon supporting microbial metabolism and carbonate 
formation at the sites of active venting.  Microbial consumption of non-methane hydrate-forming  
hydrocarbons (i.e. ethane, butane, etc.) appears to be a major process.  Carbonate stable isotope 
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values are consistent with microbial hydrocarbon oxidation, production of CO2 depleted in 
13C, 
microbial reduction of CO2, and ongoing precipitation of authigenic carbonate rock depleted in 
13C.  
Carbonates from GC 185 ( core 095-2647-M2 Fig. 3.38) show similar 13C depletions as those 
from GC 232.  The carbonate d13C values are uniform downcore as are the pore fluid d13CDIC values 
and calculated carbonate d13C values.  In the GC 185 core there is a disconnect between the 
carbonate and pore fluid carbon stable isotopes  which indicates that the carbonates are not a direct 
product of the extant pore fluids.  The pore fluids from GC 185 have less negative d13CDIC values than 
the carbonates that are interpreted to be the results of methanogenesis in the pore fluids that is  
initiated after rapid and nearly complete sulfate depletion.  Methanogenic reactions create a pool of 
isotopically light carbon in the methane and isotopically heavy carbon in the residual CO2.  These 
carbonates form in an environment where cycling between sulfate reduction and in situ production of 
methane produce pore fluid DIC with vastly different d13C values, resulting in an integrated d13CDIC that 
reflects mixing of several carbon sources.  Although the carbonate isotopes and general environment 
of formation are nearly identical to those from GC 232, the heavy pore fluid isotopes the possibility 
must be considered that the carbonates reflect a mixture of carbon sources as intense sulfate 
reduction/AMO gives rise to methanogenesis, which is halted by subsequent influx of sulfate-rich 
seawater.  Considering the hydrocarbon sources and sulfate reduction rates, this cycle could happen 
repeatedly in a relatively short period of time, continually superimposing the resulting carbonate 
isotope signatures on the pore fluids and resulting carbonate nodules.  In the end, the carbonate 
nodules are a mixture of light CO2 from hydrocarbon driven sulfate reduction (d
13Cas light as –50 to –
60 ‰ PDB) and heavy CO2 produced as a by product of methanogenesis (d
13C as heavy as +20 ‰ 
PDB) depending on during which cycle the sediments and pore fluids are collected, the interpretation 
of the fluids and carbonates may be vastly different.   
Carbonates from GC 272 have d13C values (Figs. 3.39-3.41) which are more isotopically 13C-
compared to those from GC 232.  Chapter 2 demonstrated that in contrast to the thermogenic 
hydrocarbons seeping into near seafloor sediments at GC 232 and GC 185, the pore fluids in the GC 
272 sediments have been affected by biogenic hydrocarbons.  The range of carbonate and pore fluid 
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DIC d13C values from GC 272 (as negative as -40 ‰ PDB and –52 ‰ PDB, respectively) give definite 
evidence of biogenic methane sources.   Determination of  the provenance of the carbon in the 
carbonates and pore fluid DIC is a more straightforward process due to the lack of multiple gaseous 
hydrocarbon and liquid petroleum in the GC 272 sediments.   
Pore fluids corresponding to  GC 272 Area 1 and GC 272 Area 3 show more negative d13CDIC 
with depth , indicative of mixing between a biogenic methane source and seawater DIC.  Carbonate 
nodules in these cores have d13C values that overlap the pore fluid and calculated stable isotope 
values at the top of the cores.  This is analogous to the situation observed in GC 232 sediments and, 
as in the GC 232 sediments, is interpreted as evidence of carbonate formation in the surficial 
sediments in the zone of sulfate reduction where the sulfate reduction is fueled by biogenic methane.   
Carbonate concretions from GC 272 Area 2 have the lightest d13C values of any of the 
nodules presented here (d13C for carbonate as light at –40 ‰ PDB).  These carbonates are in each 
case isotopically lighter than the pore fluid d13CDIC.  Carbonate d
13C represents formation from a 
biogenic methane source.  The heavier d13CDIC values compared to the carbonates are analogous to 
the GC 185 sediments.  After sulfate reduction of biogenic methane sources, there was either an influx 
of seawater or the isotopes reflect a late-stage methanogenic reactions.  
3.5:  Discussion 
3.5.1:  Gas Hydrates and Biodegraded Crude Oil in Seep Sediments 
Chapter 2 used pore fluid geochemical data to show the sediments studied here have been 
affected by hydrocarbon seepage.  Chapter 2 also presented the evidence for the presence of gas 
hydrate accumulation in the study areas.  Figure 3.10 (A,B,C,D) shows reported wt. % TOC,TN, C/N, 
and  d13CTOC from GC 232 cores 97-2900-WM and 97-2900 OM as well as published data from 
hydrate bearing sediments in GC 234 and GC 185  reported by Wang et al. ( 2001).  The GC 234 and 
GC 185 sediments studied by Wang et al. (2001) are similar to the GC 232 sediments examined here 
in that they have gas hydrates, crude oil residues, and are host to complex chemosynthetic 
communities of bacterial mats and tube worms.  Moreover, the values of wt. % TOC, d13CTOC ,TN, and 
C/N from the sites in this study are comparable to the published values for the other sites.  The 
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sediment geochemistry from all the sites in Figure 3.10 shows that they have been strongly affected by 
hydrocarbon seepage.  All cores have elevated TOC compared to background sediments. The TN 
values (Fig. 3.10C) are not significantly different from background GOM values, an indication that the 
sites have not been subjected to large amounts of post-depositional degradation of terrestrial-derived 
sedimentary organics.  The elevated C/N ratios correspond to the preservation of organic material with 
extremely high C and low N content.  
Measurements of total lipids and total lipid d13C using dichloromethane (DCM) extracts from 
GC 234 and GC 185 sediments were reported by Wang et al. (2001).  Wang et al. (2001) found 
elevated amounts of DCM (dichloromethane) extractable organics in sediments from GC 234 and GC 
185 with d13C values of the extractable organics between –26 to –27 ‰ PDB, which matches very well 
with d13C values from Green Canyon reservoir oil reported by Kennicutt et al. (1988), suggesting that a 
significant portion of the organic matter in these sediments is from liquid hydrocarbons. 
Wang et al. (2001) also measured D14C for TOC and DCM extracts of surface sediments from 
CG 234 and GC 185.   All of these results indicate that the hydrocarbon seepage acts a contributor of 
“old” carbon to the sediment TOC.  Using measured D14C values of the seep sediment and 
background sediment TOC, Wang et al. (2001) use a mass balance approach to calculate that 40wt. 
% to 60wt. % of the organic carbon preserved in seeps is of hydrocarbon-derived “old” carbon.   
Zhang et al. (2002) employed a lipid biomarker and stable carbon isotope approach to 
determine the types of microorganisms involved in carbon cycling in hydrate-bearing sediments from 
GC 234, an area analogous to GC 232 with respect to water depth, hydrate occurrence, and the 
presence of complex chemosynthetic communities. The 13C values of other fatty acids reported by 
Zhang et al. (2002) were interpreted to be from multiple sources, including Beggiatoa,  but show no 
evidence of the large-scale preservation of chemosynthetic macrofauna associated with seeps.   
Figure 3.43 shows examples of gas chromatography analyses of C15+ hexane extracts from 
GC 232 core 97-2900-WM (3.43G) as well as published results from GOM seep influenced sediments.  
The effects of microbial degradation can be easily recognized since the prominent n-alkanes and 
branched chain isoprenoids (seen in unaltered oil as large peaks in the GC chromatogram, Fig. 3.43A)  
G H
Figure 3.43: Examples of gas chromatography analyses of C15+ hexane 
extracts from seep influenced sediments.  See text for explanation.  (A-F, 
H from Sassen, et al., 1994).  G. Gas chromatography analysis of liquid 
crude oil from GC 232 Core WM.
A B
C D
E F
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originally present in crude oil are preferentially degraded, eventually removing those peaks and 
resulting in a  GC trace with an elevated base line (Sassen et al., 1994).  The area beneath this 
elevated baseline is called the unresolved complex mixture (UCM) which consist of a complex of tars, 
particularly naphthalenes and other compounds that are difficult to resolve by gas chromatography.  
The sequence of events during bacterial oxidation of petroleum is seen in Figure 3.43 (A, B from 
Sassen et al., 1994) which  compares an unaltered oil from a subsurface reservoir to a biodegraded 
seep extract.  Figure 3.43 (C,D, E, F) shows examples of C15+ chromatograms of hexane extracts from 
GC 234, GC 185, GC 272, and GC 233, respectively.  All chromatograms from these areas display a 
UCM feature, and the absence of the n-alkanes and isoprenoids present initially in the seep oil.  
This gas chromatograph analysis of crude oil from GC 232 sediments  implies a recent 
emplacement of the seep oil in GC 232.    The biodegradation, Figure 3.43G, is not as complete as in 
the other samples where there is a complete loss of all peaks on the chromatogram. A similar situation 
in encountered in oil stained sediment from an active mud volcano sediment in GC 143 (Fig. 3.43H, 
from Sassen et al. 1994).  In this example, the chromatogram exhibits an elevated base line typical of 
intense bacterial oxidation of oil in association with  an envelope of n-alkanes and isoprenoids from oil 
that has not been significantly impacted by bacterial oxidation.  This is interpreted as being the result 
of high rates of hydrocarbon venting with which the bacterial oxidation cannot keep pace and is 
consistent with a history of episodic venting of fresh oil followed by bacterial hydrocarbon oxidation.   
The chemical signature of the seep oil is a direct reflection of the residence time in the near-
surface sediments.  At high-flux settings typified by mud volcanoes, hydrocarbons migrate rapidly 
though the sediment column and into the bottom waters with very little geochemical alteration.  In 
slower flux settings, or in areas where gas hydrate deposits obstruct fluid migration, there is an 
increased opportunity for the fluids to be trapped or impeded, if only temporarily, allowing for microbial 
alteration over a longer period of time.  Samples of seep oils show different degrees of alteration.  
Macdonald et al., (2003) show that oil extracted from pieces of gas hydrate from GC 185 showed 
extensive degradation, but was intermediate between sediment oil and oil from the GC 143 mud 
volcano, an indication that the inclusion of oil in a hydrate matrix may preserve oil to some degree 
from microbial effects. 
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3.5.2:  Authigenic Carbonate Formation, Mineralogy, Chemistry, Cement Morphology 
(3.5.2a:  Formation of Carbonates in Hydrocarbon Seep Sediments) 
It was shown in Chapter 2 that the consumption of hydrocarbons by microorganisms is 
intimately associated with carbonate precipitation in seeps.  This association is due to the microbially 
mediated reactions that affect dissolved inorganic carbon equilibria and carbonate mineral stability.  
While methane oxidation in an aerobic environment produces CO2 and decreases pH, favoring 
dissolution of carbonates rather than their precipitation,  anaerobic microbial sulfate reduction using 
hydrocarbon substrates causes the sulfide depletion and simultaneous bicarbonate and hydrogen 
sulfide enrichments seen in the sediments.  
In the Green Canyon sediments this interpretation is supported by the carbonate saturation 
index calculations (see Chapter 2 for a detailed discussion) which indicate that the pore fluids are 
supersaturated with respect to aragonite, high-Mg calcite, and dolomite as well as the physical 
presence of the carbonate nodules which have formed in the sediment. The controls on carbonate 
precipitation in anoxic surface sediments affected by anaerobic methane oxidation are uncertain 
(Wilkenson, 1989).  The rates are affected by the delivery of Ca2+ ions from the overlying seawater, by 
the rate of methane oxidation that produces elevated pore fluid alkalinity, and by the reactions 
occurring at the mineral surface (Berner, 1980; Raiswell, 1988; Wilkenson, 1989).  Variations in the 
total  carbonate content of the seep sediments are the result of local variations in carbonate 
precipitation over time.  Factors affecting long-term carbonate precipitation include overall 
sedimentation rate, spatial and temporal variations in bacterial reactions controlling carbonate 
precipitation, hydrocarbon venting rates,  and changes in venting hydrocarbon sources. 
(3.5.2b:  Controls on Carbonate Mineralogy) 
Carbonate  mineral content is determined largely by the differences in mineral growth rate 
(Burton, 1993).  On a small scale, local bacterially-mediated variations of the physical and chemical 
environment of the pore fluids are the dominant control on cement mineralogy (Savard et al., 1996) 
and provide a useful tool for interpreting the environment of formation for carbonate cements. 
Aragonite precipitation is favored over calcite at high sulfate concentrations and high Mg2+/Ca2+ ratios 
(seawater values) combined with low phosphate concentrations, where phosphate concentrations are 
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kept low by the limited amount of organic matter oxidation (Burton and Walter, 1990; Walter, 1986).  
Conditions similar to these are met at the seafloor when hydrocarbon-charged pore fluids meet bottom 
waters high in sulfate and low in phosphate and where sulfate reduction of hydrocarbons keeps rates 
of organic matter oxidation and phosphate production low. When all the pore water-dissolved sulfate is 
consumed, rising hydrocarbons reach the lower limit of the oxic zone of the sediments or in the case of 
active venting it will come into direct contact with seawater (Aloisi et al, 2000).  In both of these cases 
the hydrocarbons will be oxidized in an aerobic environment.  Late stage aragonites which form in oxic 
or slightly reducing environments near sediment water interface also result from seawater influx during 
waning episodes of fluid expulsion, as well as areas of slow hydrocarbon flux where seawater and 
hydrocarbons can mix (Hovland et  al, 1987).  Aragonite could also result from very fast venting where 
all of the methane is not consumed in the sulfate reducing zone and is oxidized aerobically in shallow 
sediment or even in the bottom water around the seep (Hovland et al., 1987; Terzi et al., 1994).  
Although aragonite formation has been associated with oxic environments at or near the seafloor, the 
co-occurrence of aragonite and pyrite in all of the samples is hard to reconcile with oxic conditions 
because pyrite will only form  in anoxic, sulfate-reducing environments.  Thus, the aragonite cements 
must have formed very near the sediment/water interface in an oxygen-depleted, SO4-rich 
environment where the generation of HCO3
- by microbial processes resulted in aragonite 
oversaturation. Aloisi et al. (2002) use lipid biomarker analyses to show that aragonite in eastern 
Mediterranean mud volcanoes was precipitated under anaerobic conditions provided that sulfate 
levels are kept high enough to inhibit Mg-calcite precipitation.   
In contrast to aragonite, the precipitation of magnesian calcite is favored in high phosphate, 
low sulfate reducing environments (Walter, 1986) where  phosphate comes from the decomposition of 
sedimentary organics.  Large amounts of phosphate do not have to be present in pore waters to 
appreciably alter the patterns of carbonate precipitation.  Burton and Walter (1990) indicate that 
phosphate concentrations as low as 5 mmol/kg are sufficient to alter carbonate precipitation kinetics 
from those measured in phosphate-free seawater.  Small changes in pH or intermittent input of 
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phosphate to marine pore waters are sufficient to account for oscillations between calcite and 
aragonite (Burton and Walter, 1990). 
Dolomite is found in many GOM seep settings (Roberts and Aharon, 1994) including 
sediments from GC 272, but is absent in sediments from GC 232 and GC 185. Barriers to 
dolomitization include low pH, high phosphate, and high sulfate environments (Mazullo, 2000).  
Dolomite precipitation is preferred in areas of intense sulfate reduction where most or all sulfate is 
rapidly exhausted (Baker and Kastner, 1981) but may also form in areas where deep-sourced, sulfate-
free fluids are found in sediments.  Dolomite formation is also enhanced in sediments with high 
alkalinity and at high temperatures (Mazullo, 2000).  Small changes in pH or intermittent input of 
phosphate to marine pore waters is sufficient to account for oscillations between calcite, aragonite, or 
dolomite (Burton and Walter, 1990).   
(3.5.2c:  Mineralogy of GC 232 and GC 185 Carbonate Nodules) 
The carbon required for precipitation of such large volumes of carbonate cannot be 
maintained in a closed system, suggesting that there is a degree of fluid exchange between the 
sediments and the overlying water column.  This exchange is affected by the coarsening of the 
sediment after continued precipitation of carbonate making it a more hydraulically open system 
compared to the starting sediment of fine-grained mud. There are distinct variations in the amount of 
sulfate consumed from core to core.  Cores OM, PW3, and PW4 from GC 232 show nearly complete 
sulfate consumption , but core WM has sulfate values not significantly less than seawater (See 
Chapter 2 Figure 2.2 for plots of pore fluid sulfate).  This is because the sediment pore fluids have 
been affected by diagenesis and later recharged with seawater.  This is an important factor to note 
because looking exclusively at the pore fluids, WM would be assumed to have undergone the least 
amount of diagenesis, but sediments from core WM confirm that it has the highest amount of 
authigenic carbonate.  As the excess carbonate acts to coarsen the sediment, it affects the hydraulic 
properties of the sediments to such a degree that fluid flows more freely than in the original fine-
grained sediments.  This has important consequences on the types and amounts of carbonates 
precipitated in the sediments.  Fine-grained sediments have much more restricted fluid flow, meaning 
that both supplies of sulfate, calcium, and magnesium from above as well as hydrocarbons from below 
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are restricted meaning that there may be more consumption of these constituents.  This would either 
limit the amount of carbonates that can form or may result in the formation of Mg-calcite and dolomite.  
Coarse-grained sediments allow for more fluids flow and recharge of the pore fluids from seawater as 
well as hydrocarbons from below, resulting in an environment where large amounts of carbonate, 
particularly aragonite may form.     
(3.5.2d:  Elemental Chemistry of Seep Carbonates from GC 232 and GC 185: Relevance to Chemistry 
of Pore Fluids) 
 
The factors which control the partition coefficient of Mg2+ in calcite are not well understood 
(Jorgensen, 1992).  Experimental studies have revealed a number of parameters which influence Mg2+ 
incorporation including temperature, SO4
2- ions, sector zoning, reaction rate, and Mg2+/Ca2+ ratio in 
solution (see Walter, 1986).  Thus, the heterogeneity in Mg2+ content in the high-Mg calcite is most 
likely the result of continuous variations in the physicochemical conditions in the microenvironment at 
the site of carbonate precipitation which are controlled by a combination of the upward migration of 
hydrocarbons and bacterial activity.   
There are no major downcore trends in the Mg2+ content of the carbonate nodules (Fig. 3.23) 
related to changes in the Mg/Ca ratios in the pore fluids (Chapter 2, Fig. 2.26) which are affected by 
carbonate precipitation.  One reason is that Mg is much more abundant in the pore fluids and Ca2+ is 
the limiting cation with respect to carbonate formation. Formation of carbonates in these sediments 
which exhibit a widespread supersaturation with respect to different carbonate species follow a growth 
pattern Raiswell and Fisher (2000) term “pervasive growth”.  In this formation scenario the concretion 
formation begins with a simultaneous formation of a large number of nuclei and is then continued by 
pervasive precipitation onto these nuclei.  Concretions grown in this manner posses physical 
characteristics indicating that they evolved from a mass of crystals which were later cemented 
together.  Such concretions are more likely to be more plastic and porous, at least initially, than 
concretions which grow concentrically and as they develop become more indurated by the 
precipitation of further cements within the concretion as a whole.  This means that there are early and 
later stage cements throughout the concretion.  Chemical variations are most likely attributable to the 
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variations in early and later stage cements and the resulting concretions have an average chemical 
composition from different cement phases which span ranges of isotopic compositions. 
(3.5.2e:  Mineralogy of GC 272 Carbonate Nodules ) 
Bulk mineral contents of sediments  from GC 272 Areas 1 and 3 (Fig. 3.20, 3.22) display the 
effects of the intense rates of sulfate reduction at these sites evidenced by the rapid sulfate depletion.  
This depletion of sulfate creates a geochemical environment where the precipitation of dolomite and 
high-Mg calcite dominates. The cores from GC 272 area 2 have very little dolomite but large amounts 
of HMC (Fig 3.21).  These increases in HMC at certain levels is the result of variations in the amounts 
of SO4, alkalinity, and DIC.  
Despite the mineralogical differences between GC 232 and GC 185 carbonate nodules 
compared to GC 272 carbonate nodules, the nodules from GC 272 resemble the GC 232 carbonates 
in their shape and size. The similarity of carbonate nodule size and shape suggests that they formed 
in a similar manner.  GC 272 carbonates are slightly smaller (on average) than the nodules from GC 
232, averaging approximately 3 mm or smaller and the high-Mg calcite phase is not composed of 
pelloids, rather they are microcrystalline Mg-calcite cement.  Figures 3.27 and 3.28 show 
dolomite/HMC nodules from GC 272 area 1 and 3.  The formation of HMC/dolomite nodules is 
analogous to the formation of aragonite/HMC nodules in other seep sediments in that the sulfate 
inhibition effects on the precipitation of dolomite mean that it will only form either in the later stages of 
sulfate reduction or during the influx of sulfate depleted fluids.  For carbonate nodules in GC 272 the 
dolomite is either disseminated within the nodule or forms on the outer surfaces as in Figure 3.27 (C 
and D).  This implies late stage dolomite formation from sulfate-depleted fluids after intense sulfate 
reduction. The low temperature precipitation kinetics of dolomite are controlled by  dolomite’s high 
nucleation barrier (Mazullo, 2000) and relatively rapid crystal growth kinetics.  The precipitation of 
dolomite is initiated by high degrees of supersaturation and this high saturation is found in the top few  
cm  where the sulfate reduction is happening rapidly.  Under steady state sediment flux from above 
and fluid advection from below, the zone of sulfate reduction  is presumably continuously moving 
upward through the sediment column.  Any break or pause in sedimentation stabilizes the zone of 
excess alkalinity created by bacterial processes at a certain depth below the sediment surface.  During 
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such an event, alkalinity levels increase as a result of the continuing diffusive supply of sulfate from 
above and methane from below.  The excess alkalinity then initiates the dolomite precipitation 
process.  After this initiation, rapid precipitation disturbs the pore-water gradients so that the alkalinity 
levels and degrees of supersaturation are lowered again. 
(3.5.2f:  Pyrite in Carbonate) 
The presence of pyrite as framboids and single euhedral or subhedral crystals in the seep 
sediments and carbonate concretions has been documented (see Fig. 3.24G,H).  The diameter of 
framboidal aggregates ranges between 5 to 10 mm, and the tiny crystals forming the aggregates are 
normally less than 1 mm in size.  Iron sulfide microcrystals ranging from 75 to 150 nm in size (such as 
those in microframboids) are known to form inside bacteria (Mann et al., 1990; Farina et al., 1990; 
Sawlowicz, 1993).  The framboids in the concretions therefore may have been derived from 
mineralized bacteria, although without supporting evidence these could be difficult to differentiate from 
microframboids resulting from rapid pyrite nucleation such as those grown experimentally by Rickard 
and Luther (1997). 
During sulfate reduction, microbes use oxygen from seawater sulfate to metabolize organic 
matter producing carbonate alkalinity and hydrogen sulfide.  This dissolved sulfide reacts with iron, 
mobilized from detrital oxide minerals through bacterial reduction (Canfield, 1989), to form 
intermediate metastable monosulfides and elemental sulfur (Berner, 1985).  Rapid reactions between 
the monosulfides and H2S through the H2S oxidation process (Rickard, 1997) results in pyrite 
formation.  Pyrite formed by bacterially mediated production of sulfides via intermediate metastable 
monosulfides exhibits framboidal morphologies (Berner, 1970; Raiswell, 1976, 1982; Morris, 1980).  
Also, framboidal morphologies have been shown in experiments to result from rapid pyrite formation 
(Rickard, 1997; Rickard and Luther, 1997).  In contrast, euhedral pyrite is thought to form more slowly 
through direct precipitation from Fe-S bearing solutions (Raiswell, 1982; Sawlowicz, 1993).  Likely 
sources of iron in sediments with a terrigenous component include the reduction of ferric hydroxide 
coatings in detrital grains, which are reduced  relatively easily (Berner, 1985), components of clay 
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minerals, and other iron-bearing compounds that undergo dissolution in the anoxic environment 
(Gautier, 1985; Raiswell, 1993; Raiswell and Canfield, 1996).   
Profiles of dissolved sulfate and sulfide in these sediments (see Chapter 2, Fig. 2.2) show that 
sulfate reduction is most active in the upper 15 cm of the sediment, where biologic activity and 
hydrocarbon nutrients are abundant.  Decreased microbial activity for any reason results in a 
decreased rate of H2S generation and creates the opportunity for the precipitation of manganoan and 
ferroan carbonates.  This arises because, as shown by Coleman (1985), Curtis (1987), and Pye et al. 
(1990), when the rate of Fe(III) reduction is higher than the rate of sulfate reduction then 
coprecipitation of ferroan carbonate minerals with iron sulfide is possible, especially if H2S escapes to 
the surface (DeCraen et al., 1999).  Absence of these mineral species is evidence for continual 
microbial sulfate reduction driven by constant seepage. 
Elemental analysis of Fe and S from GC 232 and GC 185 carbonates support earlier 
conclusions that the aragonites formed under less reducing conditions than the Mg-calcite.  Plots of S 
and Fe contents in Figure 3.23D show that aragonite contains less sulfur and iron than do the Mg-
calcites.  Intense sulfate reduction that lowers SO4 activities and allow for the precipitation of Mg-
calcite, also result in the production of sulfides, which are incorporated in the Mg-calcites as they form.   
The interrelationship between sulfide and carbonate diagenesis in shallow anoxic marine 
sediments is very complex, as shown by Raiswell (1988), Pye et al. (1990), and Morse et al. (1992).  
Where Ca2+ ions are available in the sediment, the bacterially mediated production of bicarbonate as a 
consequence of sulfate reduction induces carbonate precipitation, which  is most probably surface 
controlled (Raiswell, 1988). During sulfate reduction, iron sulfides (FeS and pyrite) and nonferroan 
carbonates are often the most dominant authigenic minerals. If lowered dissolved sulfide levels occur 
at the same time as continued reduction of manganese and iron oxide and increasing porewater total 
alkalinity (Froelich et al., 1979; Pye et al., 1990), then precipitation of carbonates containing Mn and 
Fe may result (Morse et al., 1992).  The carbonate samples studied here tend to contain minor 
quantities of iron (from less than 100ppm up to 9000ppm, Tables 3.8 and 3.9). No siderite peaks are 
visible in XRD spectra and the iron seen in microprobe analyses may result from microcrystalline 
pyrite disseminated within the concretions but coprecipitation of ferroan carbonates with pyrite during 
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sulfate reduction has been observed by Coleman (1985), Curtis (1987), and Pye et al. (1990), and can 
occur where the rate of iron reduction exceeds the rate of sulfate reduction so that insufficient 
dissolved sulfide is present to precipitate all the available ferrous iron (Pye et al., 1990).  The relative 
rates of iron reduction and sulfate reduction are controlled by several factors including the availability 
of iron, sulfate, and organic matter and the activity of various bacteria (Berner, 1980, 1984, 1985; 
Gautier, 1982; Pye et al., 1990). 
(3.5.2g:  Ikaite Psuedomorphs in Sediments from GC 272 Area 1) 
As discussed earlier, the geochemical conditions of the pore fluids determine whether 
authigenic calcite, Mg-calcite, aragonite, or dolomite precipitate in different geochemical zones in the 
sediment column (e.g. Burton, 1993).  Natural occurrences of the calcium carbonate hexahydrate 
mineral ikaite (CaCO3 + 6H2O) are less often reported (e.g. Suess et al., 1982; Schubert et al., 1997; 
Jansen et al., 1987; Whiticar and Suess, 1998, Buchardt et al., 2001; and Greinert and Derkachev 
2004).  The GC 272 Area 1 mud volcano site is situated within the pressure/temperature conditions 
favorable for ikaite stability and ikaite pseudomorphs are found in sediments from GC 272 area1, 
cores 00-3026-32 and 00-3026-34 (illustrated in Fig. 3.44). 
Ikaite forms in marine and continental waters at near-freezing temperatures (-1.9 to 7° C).  
The ideal environments for ikaite formation are deep-sea organic-rich sediments with  pore fluids with 
high alkalinity and high levels of orthophosphate. Ikaite is metastable at normal pressure conditions 
(e.g. Bischoff et al., 1993) and at temperatures >5-8° C, quickly decomposes to white, calcite mush. 
The metastable character of ikaite explains the relatively few observations of the mineral in 
nature  and ikaite is probably much more common in cold-water environments than has been 
previously reported.  Upon transition to calcite, the ikaite crystal morphology can be preserved as 
suggested by Shearman and Smith (1985), Shearman et al. (1989) or Larsen (1994), resulting in the 
mineral “Glendonite” and glendonite-type pseudomorphs known by such varied names as barley 
corns, fundylite, gennoishi, jarrowite, opal pineapples, pseudogaylussite, thinolite, White Sea hornlets, 
and hedgehogs . The reaction: 
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Ikaite ® Calcite + Water     (1) 
CaCO3 • 6(H2O) ® CaCO3 + 6(H2O)    (2) 
results in a 68% volume loss ( Larsen, 1994). and the resulting carbonates should have a vuggy 
structure. 
Glendonites are now accepted to be calcite pseudomorphs after ikaite.  Ikaite not recognized 
as the precursor to glendonite until Seuss et al. (1982) identified it in anoxic, organic-rich marine 
sediments of Bransfield Strait, Antarctica, and noted similar properties with the calcite pseudomorph.  
Ikaite has formed in cold-water environments throughout earth history as glendonites are known from 
deposits of Carboniferous to Recent age from high latitudes of the northern and southern hemispheres 
(e.g. Boggs, 1972; Kaplan, 1979; Kemper and Schmitz, 1981 and DeLurio and Frakes, 1999).  
Russian workers have documented many ikaite discoveries.  In the northwestern Pacific region, 
glendonites have been found offshore Sakhalin, Kamchatka and Hokkaido within Paleogene to 
Neogene marine deposits ( Pleshakov, 1937; Zakharova, 1974; Brodskaya and Rengarten, 1975 and 
Kraevaya et al., 1987) and in Quaternary marine sediments in the Sea of Okhotsk ( Astakhov, 1986 
and Derkachev et al., 2002).   
Recent marine ikaite occurrences are linked to low temperatures (<6°C; Buchardt et al., 
2001).  and include several different envi ronments of formation.  Ikaite formation has been reported in 
organic-rich marine sediments from Antarctica’s Bransfield Strait (Whiticar and Seuss, 1998), Nankai 
Trough (Stein et al., 1994), the Zaire deep-sea fan (Zabel and Schultz, 2001), the Alaskan Arctic 
(Campbell, personal communication) and the Laptev Sea (Bauch et al., 1999).  Ikaite formation 
stimulated by the mixing of different water types has been documented in Ikka Fjord, Greenland 
(Buchardt et al., 2001; Pauly et al., 1963) and Mono Lake, California (Whiticar and Seuss, 1998; 
Shearman et al., 1989).  Ikaite has also been reported in other, less conventional settings such as cold 
water springs in  Hokkaido, Japan (Ito, 1996, 1998), from frozen shrimp (Mikkelsen et al., 1997), and 
from water treatment plants in Essex, England, (Slack, 1980). 
As for the other carbonate minerals, seawater is not supersaturated with respect to ikaite, 
additional carbonate increase as well as chemical inhibition of the growth of non-hydrated carbonate 
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phases are essential for ikaite formation ( Bischoff et al., 1993 and Buchardt et al., 2001). In marine 
environments the mixing of bicarbonate-rich fluids with Ca-rich sea water is probably the most 
common ikaite forming process and in these GOM seep sediments cold fluid venting of reduced 
geochemical species coupled with the anaerobic oxidation of methane via sulfate reduction constitutes 
the mechanism involved in the ikaite formation. 
Bischoff et al. (1993) calculated that a  ten-fold increase in alkalinity is required to reach ikaite 
saturation.  Indeed, the pore fluids from cores 00-3036-32 and –34 have the highest average alkalinity 
values of any cores measured here (with alkalinity up to 20 meq/L in both cores).  Inhibition of the  
crystallization of calcite or aragonite by sulfate or phosphate may help accomplish the crystallization of 
ikaites (Mucci, 1986 and Burton, 1993). Sulfate impedes the process of calcite/Mg-calcite precipitation 
and leads to aragonite-rich carbonates in sulfate-enriched environments at cold vents (Savard et al., 
1996 and Greinert et al., 2001).  Phosphate plays an important role in the ikaite formation and stability 
(Buchardt et al., 2001) as it inhibits the calcite and aragonite formation even in trace concentrations 
(e.g. Burton, 1993). Bischoff et al. (1993) showed that 100 mol KH2PO4 in solution stabilizes ikaite 
indefinitely and concluded that phosphate is the primary natural control over the persistence of ikaite.  
Although phosphate contents of pore fluids were not measured, these sediments are known to be 
extremely organic rich, and organic-rich sediments provide the ideal conditions for ikaite formation 
near the sediment-water interface because of the release of phosphate during organic matter 
decomposition (Suess et al., 1982; Bischoff et al., 1993 and Larsen, 1994). However, the presence of 
dissolved sulfate greatly decreases the inhibitory effect of phosphate on both calcite and aragonite ( 
Burton, 1993) and also influences the crystallization and stability of ikaite.  
The ramifications of the coexistence in the same cores of both dolomite and ikaite 
pseudomorphs are interesting.  The dolomites from GC 272 Area 1 are interpreted to be formed at 
elevated temperatures on the basis of oxygen stable isotopes (see next section), while the glendonites 
are low temperature minerals.  The presence of these phases in the same sediments points to 
different times of formation in vastly different physical and chemical environments.  Both minerals form 
in areas of elevated alkalinity with low sulfate, with the addition of phosphate from organic matter 
possibly being the factor determining which one forms.  The dolomite forms at higher temperatures, 
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meaning that the dolomite formation occurs during the primary pulse of hydrocarbon-rich fluids from 
depth which in addition to hydrocarbons brings with it substantial heat from below.  After the initial 
sulfate reduction reactions that give rise to the formation of the dolomites there is a cooling that allows 
for the formation of ikaite.  Depending on the rate of delivery of subsurface fluid to the seafloor this 
cycle may repeat itself multiple times, with each heating episode causing the break down of the ikaite 
that had previously formed.  Therefore the indications of ikaite in the form of glendonite means that the 
pulses must be infrequent enough so that the transition of ikaite to its pseudomorph may proceed 
before the complete breakdown of ikaite.   
3.5.3:  Bacterial Fossilization in Seep Sediments   
The texture of the pelloids from GC 232 and GC 185 with a fine grained nucleus composed of 
darker, anhedral crystals surrounded by a more coarsely crystalline rim of euhedral crystals (Fig. 
3.24D) suggests they formed on the surface of bacterial colonies similar types of carbonate structures 
in similar seep settings (Cavagna et al., 1999; Chavetz, 1986).  Micrometer-sized clumps of clay 
particles act as a substrate for the settlement of microbial colonies. Roberts et al. (1994) described 
botroidal aragonites from other GOM settings arising from nuclear masses of dark-brown substances 
and suggested that this material represents the remains of bacteria clumps.  These centers of 
bacterial activity created a microenvironment favoring the initial precipitation of carbonates. Following 
the initial carbonate precipitation of fine grained anhedral crystals, coarser euhedral cement crystals 
overgrew the microcrystalline carbonate seed, represented by the pelloid.  In this second phase, the 
bacteria no longer played a direct role in the nucleation of cement crystals except for maintaining 
supersaturation with respect to the carbonates. 
 Bacteria should play a prominent role in catalyzing the precipitation of carbonate minerals.  
Since Ca2+ attaches strongly to bacterial cell walls, these bacteria create local microenvironments 
where the Ca2+ concentration is enhanced, and this helps create saturation with respect to carbonates.  
Carbonate minerals then crystallize within or around the bacteria.  This means that the pelloidal 
carbonates can be regarded as a direct, organically induced precipitate. Numerous laboratory 
experiments have established that bacteria are capable of influencing the precipitation of  calcium 
carbonate (reviewed by Pautard, 1970).  The calcium carbonate precipitated under laboratory 
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conditions displays a range of compositions (from low- to high-magnesium carbonates), mineralogy 
(aragonite to calcite), and has been described as looking like rods, wheat grains, bundles of sheaves, 
dumbbells, rosettes, spherules, oncoids, oncoidal flakes, ooids, and well-formed rhombohedrons 
(Pautard, 1970; Chavetz, 1986). 
Despite the presence of dark nuclei (presumably fossilized bacterial masses) in many of the 
green Canyon HMC ooids and botyryoidal aragonite bundles studied here, none of the samples 
displayed definite evidence of the presence of bacteria for several reasons.  First, many of the 
sediments were oil stained, making the discrimination between bacterial residues and crude oil 
residues impossible by any method other than lipid biomarker analysis.  Despite this difficulty, there is 
generally a poor potential for preservation of bacterial remains.  Krumbein et al. (1977) found that in 
bacterial cultures the precipitation of  carbonate started on the bacterial cell surfaces and within 96 
hours the bacteria were destroyed by the crystals surrounding them. 
Pyrite framboids from sediments  in the GC 232 and GC 272 study sites preserve examples of 
direct fossilization of bacteria.  Roughly cylindrical aggregates of pyrite framboids approximately 100-
150 mm in diameter (Fig. 3.24H). These pyrite rods represent fossilized pyritized casts of Beggiatoa 
bacteria.  These look quite similar in composition, size and shape to the ones described by Larkin et 
al., (1994) in other GOM seep sediments and Cavagna et al., (1999) in fossil seeps from Tertiary rocks 
in Monterato (NW Italy). 
3.5.4:  Carbonate d18O Ratios as Tracers of Carbonate Formation 
Carbon and oxygen stable isotopes are widely used to distinguish between “normal” marine 
carbonates and vent-related ones that are influenced by the sedimentary diagenetic carbon cycle.  
Whereas carbon isotopes reflect the carbon source, oxygen isotopes are affected by the formation 
temperature, the stable isotopic composition of the source water, and the respective fractionation of 
the carbonate phases.   
Oxygen isotope ratios provide information pertaining to the temperature and origin of fluids 
from which authigenic carbonates are precipitated.  The graph of measured and predicted d18O values 
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of these carbonates indicate that the carbonates precipitated from fluids with the same temperature 
and isotopic compositions as the extant fluids squeezed from the core.   
(3.5.4a:  GC 232, GC 185 Carbonate d18O) 
While the stable oxygen isotopes of the carbonate nodules in GC 232, GC 185 and GC 272 
area 2 do not differ significantly enough to suggest any major differences between the fluids from 
which the carbonates formed, in each core the measured d18O values are slightly lower than the 
predicted d18O values (Figs. 3.32 and 3.33). 
Similar slightly d18O depleted compositions are not uncommon (See Mozley and Burns, 1983) 
and a variety of processes can be invoked to explain their origins including the following (after Rasiwell 
and Fisher, 2000): (i) influx of meteoric water (Hudson 1978), (ii) precipitation of d18O-enriched 
minerals such as carbonates and silicates (e.g. Irwin et al., 1977), (iii) recrystalization at higher 
temperature during deeper burial (e.g. Desrochers and Al-Aasam 1993), (iv) hyperfiltration of fluids by 
shales during compaction (Marshall, 1982), (v) precipitation at higher temperatures (e.g. Astin and 
Scotchman 1988), (vi) formation of gas hydrates (Matsumoto 1989), (vii) combined organic matter 
oxidation, sulfate reduction and carbonate precipitation (Sass et al., 1991). 
Explanation (i) ( influx of meteoric water) is  unlikely in marine sediments collected from 600 m 
water depth.  Regarding explanation (ii) Burns (1998) showed that diagenetic precipitation of 
carbonate nodules under reasonable rates of precipitation does not have a large enough effect to  
greatly change the pore water oxygen-isotope ratios.  Explanation (iii) would require much deeper 
burial than the few cm in the cores and explanation (iv) would imply the presence of non seawater-
derived pore fluids. 
Explanations v, vi, and vii (temperature effects, hydrate effects, and the effects of sulfate 
reduction) are viable processes to explain difference in calculated and expected oxygen isotope 
values for the carbonate concretions in GC 232, GC 185, and GC 272 Area 2 sediments.  Although the 
samples were collected at normal seafloor temperatures (7° C) for the water depths, variations in 
bottom water temperature associated with loop current variations could affect the temperature of 
carbonate crystallization.  Moreover, heat from deeper sediments is transported along with venting 
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fluids in zones of hydrocarbon seepage (Roberts 2001, MacDonald et al., 1994, 2000), although these 
observations of higher seafloor temperatures are in areas of rapid venting of fluidized sediment and 
hydrocarbons which are not observed in a medium flux seepage environment like the GC 232 and GC 
185 study sites.  As discussed earlier, the formation of hydrates acts to concentrate 18O, hence the 
residual water is 18O depleted.  This has a bearing on the timing of carbonate formation because 
formation from fluids in an area of active hydrate sublimation could result in formation of carbonates 
from fluids with slightly lighter d18O values.  The most probable cause for the slightly more negative 
than expected d18O values are the effects of rapid sulfate reduction.  Sass et al., (1991) indicate that 
anomalous depletion could result from 18O-depletion of pore water during sulfate reduction.  This 
depletion results from the incorporation of 18O-depleted oxygen from sulfate and organic matter into 
the bicarbonate reservoir and is later incorporated into the authigenic carbonates. 
(3.5.4b:  GC 272 Carbonate d18O:  Formation of Carbonates at Elevated Temperatures in Mud 
Volcano Environments) 
 
Carbonate nodules from GC 272 Area 1 and Area 2  (Figs 3.34 and 3.35) in some cases have 
extremely negative d18O values (as low as – 6.65 ‰ PDB), while carbonates from GC 272 Area 3 have 
light oxygen isotopes in some samples and oxygen isotopes in other samples that correspond to what 
expected values would be for carbonate precipitated under ambient temperatures and pore fluid 
composition.  The GC 272 area is the location that experiences rapid expulsion of fluids, fluidized 
sediments, and associated hydrocarbons.  Temperature measurements in the central vents of mud 
volcanoes indicate that fluidized sediment temperature can be considerably above ambient water 
temperatures (Roberts,2001).  MacDonald et al. (2000) measured temperatures in a mud volcano in 
the Garden Banks area of the GOM that reached 48° C in a part of the slope with ambient water 
temperatures that range between 4-7° C.  The strong vertical flux of fluidized sediments associated 
with mud-venting at the seafloor causes the mixing of sediments of various ages.  Ejected sediment 
carries microfossils and other particles such as  shale clasts. Kohl and Roberts (1994) found 
microfossil evidence that the sediments being extruded from GC 272 are from Miocene to Pleistocene 
in age.   
  
 
227
Figure 3.45 shows the results of calculations of the temperature of carbonate formation 
(Presented in Table 3.10) using the measured d18O values of the carbonates and measured pore fluid 
d18O (From Chapter 2).   Carbonates from GC 272 Area 1 (Fig. 3.45A) have oxygen isotopes indicating 
that they were formed at a range of temperatures as high as 59° C.  Carbonates from GC 272 Area 2 
(Fig. 3.45B) are generally formed at temperatures that are within the range of possible temperatures 
for 700 m in the GOM.  Samples from GC 272 Area 3 (Fig. 3.45C) show a variation of formation 
temperatures with samples from core 00-3627-60 indicating precipitation at ambient temperatures, 
while cores 00-3627-58 and 59 appear to have been precipitated at varying temperatures from 
ambient temperatures to temperatures as high as 40° C).  These results correlate with the geologic 
setting of the three sample sites in GC 272.  Area 1 is on the flanks of a mud volcano where fluid mud 
is actively being extruded.  Carbonates formed there were formed under high temperature conditions.  
Area 2 is located in an area which contained only small-scale fluid expulsion features and the result is 
that large amounts of heat are not transported to the surface.  Area 3 is in an area containing shallow 
gas hydrates and the range of formation temperatures indicates that multiple stages of carbonate 
formation.  Carbonates formed during the venting or soon thereafter have negative oxygen isotopes.  
As fluid venting waned, the carbonates that form exhibit oxygen isotope values reflective of more 
typical deepwater temperatures. 
 The oxygen isotope values from carbonate nodules in GC 272 give evidence of permanent 
recorders of “warm vents” in the GOM.  Although elevated temperatures have been observed in 
shallow sediments and bottom water at GOM seeps, never have mineral phases provided paleo 
thermometers to corroborate this observation.  Also important are the implications for studies of 
paleoseeps.  Similarly light d18O values observed in carbonates from fossil seeps in terrestrial regions 
would be seen as evidence of secondary alteration of the carbonate instead of a primary isotope 
signal.  Carbonate nodules from the same cores with different d18O values give rise to the possibility 
that the nodules may have formed at different times.  This means that nodules are disconnected from 
present day pore fluids and present formation conditions.   
Figure 3.45: The results of calculations of the temperature of carbonate formation using the 
measured d18O values of the carbonates in pore fluids with measured pore fluid d18O values.
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It is possible, though unlikely, that the authigenic microcrystalline carbonate nodules from the 
GC 272 Area 1 mud volcano sediments with anomalously light d18O values could be attributed to the 
formation of the metastable calcium carbonate hexahydrate mineral Ikaite and its subsequent 
transition to calcite.  These light oxygen isotope values could be the result of the ikaite to calcite 
transition, during which kinetic effects could cause an enrichment in the lighter isotope.  Additionally, 
porewater freshening as water in ikaite is released during ikaite decomposition could shift carbonate 
d18O to lighter values.  None of the carbonates analyzed for stable isotopes from GC 272 Area 1 had 
the physical appearance of ikaite/glendonite, instead being buff to whitish-colored carbonate cements.  
No ikaite/glendonite morphologies were seen in either thin section or SEM investigations.  Likewise, 
there is no XRD evidence of the inclusion of calcite from ikaite/glendonite sources in the 
HMC/dolomite nodules from GC 272 Area 1.  This does not exclude the possibility that on a small 
scale there is an isotopic effect seen in the HMC carbonates that results from the presence of ikaite 
and its subsequent conversion to the glendonite pseudomorphs.   
3.5.5:  Carbonate d13C Ratios as Tracers of Hydrocarbon-Derived Carbon Sources for the Carbonates 
(3.5.5a:  Hydrocarbon Sources and d13C in GOM Seeps) 
The carbon isotopic composition of authigenic carbonates serves as an indicator of the carbon 
sources incorporated during carbonate precipitation because the carbonates inherit the stable carbon 
isotopic signature from the carbon sources present in the seeps (Roberts and Aharon, 1994).   Figure 
3.1 summarizes the d13C of carbon sources in GOM seeps.   The GOM offers a very complex carbon 
cycle compared to other seep sites where biogenic methane is the sole hydrocarbon encountering 
bottom the seafloor (i.e. Hydrate Ridge offshore Oregon).  In addition to methane in the GOM, a 
variety of short- and long-chain alkanes and complex aliphatic and aromatic compounds can be 
oxidized by sulfate reducing bacteria (Rueter et al., 1994; Heider et al., 1999 and Spormann and 
Widdel, 2000) and many such compounds are abundant in Gulf of Mexico seep sediments. For 
example, in addition to C1–C5 alkanes and oil (oil concentrations can be >500 ppm; Kennicutt et al., 
1988), a wide variety of other alkanes, alkenes and alkylbenzenes are present in Gulf of Mexico 
sediments (e.g., hexadecane, napthalene, phenanthrene, toluene, etc.; Kennicutt et al., 1988). It is 
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likely that much of the sulfate reduction in the Green Canyon sediments is coupled to the oxidation of 
hydrocarbons other than methane.   
(3.5.5b:  GC 232 Carbonate d13C) 
The assumption was made during sample analysis that the  use of large samples from 
carbonate nodules is an accurate method to evaluate the inorganic carbon budget in these sediments 
Measurements of carbonate stable isotopes from bulk sediment samples from GC 232 allow for a 
check on this assumption. For each sample the weight % total carbonate has been measured, as well 
as the d13C values of the carbonate nodules. Using the measured values of % total weight carbonate, 
carbonate nodule d13C  and assuming background sediments have 18 % total weight carbonate 
consisting of foramaniferal tests with d13C  of approximately 0 ‰ PDB, a of mass balance calculation 
allows for the calculation of expected d13C bulk sediment  carbonate (Fig. 3.46).  The distinct overlap 
of calculated and measured d13Cbulk is convincing that other than foramaniferal carbonate there is not 
another significant inorganic carbon component in the fine fraction of the sediment with a distinctly 
different d13C  than the carbonate nodules.  This means that the carbonate nodules are a reliable 
representation of the inorganic carbon component of these sediments.   
Considering the varied pool of carbon sources, is it unlikely that the carbon in the Ca-Mg 
carbonates is derived from an individual source.  The general range of d13C  values for seep-vent 
related authigenic carbonates from the Northern GOM slope is  from –12 to –58 ‰ PDB (Roberts and 
Aharon, 1994).  Seep-related carbonates comprised of aragonite and magnesian carbonates from 
other seep sites show marked  d13C depletions.  Isotopically-depleted  carbonates from anaerobic 
sediments with sulfate reducing communities include examples from the Cascadia subduction zone 
(d13C values ranging from -35 to -67 ‰ PDB (Ritger et  al., 1987)),  cold seeps in Monterey Bay (d13C 
values ranging from -35 to -56 ‰ PDB (Stakes et  al., 1999), the eastern Nankai Trough (d13C values 
from -36 to -56 ‰ PDB (Sakai et  al., 1992)),), the North Sea (d13C values averaging -56 ‰ PDB 
(Hovland et  al., 1987)), the Black Sea (d13C values ranging from -26 to -41 ‰ PDB (Peckman et  al., 
2001)).  In these instances, the extreme isotope depletion over normal marine carbonates is 
convincing evidence that biogenic methane is the dominant carbon source of carbon in the  
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carbonates. The incipient carbonate nodules forming in Green Canyon seep sediments studied here 
are different than other reported seep carbonates because of their relatively heavy d13C values (d13C 
values ranging from –11.82 to –39.48 ‰ PDB, median d13C = -21.41 ‰ PDB, mean d13C  =  -22.03 ± 
7.02 ‰ PDB, for n = 160).  In this system, methane is just one of a diverse suite of seep-derived 
organic substrates that could fuel sulfate reduction (Brooks et al., 1986 and Aharon, 2000). A variety of 
long-chain alkanes, complex aliphatic and aromatic compounds, and oils can be consumed by sulfate 
reducing bacteria. 
 A simple explanation for the relatively heavy d13C values of the carbonate nodules from GC 
232  is that since the stable isotopes of the carbonates were measured from bulk samples of whole 
concretions there is a dilution of isotopically light hydrocarbon-derived carbonates with foramaniferal 
tests which are relatively isotopically heavy.  This can be ruled out for the following reasons.  First, thin 
section and scanning electron microscope analysis of the rocks indicate that they visually contain very 
little foramaniferal material.  Some forams are included in the authigenic cements, but they are 
dwarfed by the volume of secondary cement forming the concretions.  Second, microanalysis of 
cements drilled from areas that unquestionably were foram-free showed similar if not identical d13C  as 
the bulk concretion analysis.  Last, the foramaniferal calcite is evident in X-ray diffraction analyses of 
the bulk sediment as a calcite peak, different from the aragonite peak and high-Mg calcite peak 
exhibited by the carbonate nodules.  X-ray diffraction analyses of handpicked nodules show only the 
aragonite peak and high-Mg calcite peak and do not exhibit the calcite peak interpreted to be 
foramaniferal tests.  The possibility of reprecipitation of foram-derived carbonate resulting from foram 
dissolution has also been ruled out as a possibility of heavy carbonate isotopes.  Aerobic oxidation of 
methane and other hydrocarbons in shallow sediments or in the water column acts to produce CO2 
and raise pH, resulting in carbonate dissolution rather than precipitation (Mazullo, 2000).  In areas 
where aerobic process are dominant with respect to the oxidation of methane, there could be a 
dissolution of foramaniferal carbonate that is subsequently incorporated into carbonate nodules.  
There are no chemical indicators of aerobic oxidation of hydrocarbons and detailed petrography shows 
no indication of dissolution of the carbonat e nodules. 
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Also, there are no major isotopic differences associated with the differences in carbonate 
nodule mineralogy for GC 232 carbonates.  Figure 3.47 shows that for cores from GC 232, with large 
variations in the bulk aragonite content (between 7% to 80% aragonite) there is little or no variation in 
the d13Ccarb.  This means that although there are variations in the different physical and chemical 
parameters that result in different authigenic phases, there seems to be a definite uniformity in the 
source and proportions of carbon from different sources incorporated into the nodules. 
Despite the varied potential carbon sources discussed earlier,  the carbonate nodules reflect 
not only a remarkable uniformity with respect to carbon sources but also in the proportions of the 
mixtures of the varying sources.  There must also be a steady supply to the zone of sulfate reduction 
of the different components incorporated in the nodules.  Consideration of the fact that carbonate 
carbon sources have a uniformity and persistence is important when discussing carbon sources in the 
nodules and the types compounds utilized during microbial sulfate reduction.  
Much hydrocarbon gas in sediment is destroyed by conversion to authigenic carbonate rock.  
The most likely candidates for the  carbon sources in the authigenic carbonate concretions are the 
solid gas hydrate accumulations and hydrocarbons (both liquid and gaseous) contained in the 
sediments, while the remaining carbon is inferred to be from seawater DIC. The carbonate nodules in 
these sediments form near the sediment-water interface in the zone of most intense sulfate reduction.  
The reversal of aceticlastic methanogenesis during AMO results in the incorporation of seawater DIC 
into the pore fluid DIC pool and the resulting carbonates.  The stable isotope results indicate that non-
methane hydrocarbons are the dominant carbon sources for the precipitation of authigenic carbonates 
in the hydrate and seep environments.  Methane is a contributor to, but not the dominant source of, 
carbon supporting microbial metabolism and carbonate formation at the sites of active venting. 
Carbonate stable isotope values are consistent with microbial methane oxidation, production of CO2 
depleted in 13C, microbial reduction of CO2, and ongoing precipitation of authigenic carbonate rock 
depleted in 13C.  
Hackworth and Aharon (2002) reported the results of radiocarbon measurements on these 
sediments (also contained in Chapter 4) and found that the carbonate concretions contain between  
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60-90% fossil carbon from hydrocarbons.  Figure 3.48 shows the results of a mass balance between 
mixing 60-90 % methane (d13C approximately -45 ‰ PDB) with the remaining proportion of seawater 
DIC (d13C = 0.6 ‰ PDB).  The ranges of d13C values from this mixture would be much more depleted 
than the measured d13C values of the carbonates.  The other candidates for a fossil carbon source are 
biodegraded crude oil (d13C = -26 ‰ PDB)  and higher-weight hydrate-forming (C2-C5) gases (d
13C 
approximately -26 ‰ PDB).  This mixture overlaps very well with the measured isotopic values of the 
carbonates. 
Despite the evidence for microbial degradation of crude oil in the sediments it is unlikely that 
this crude oil is a dominant carbon source for the carbonates.  First, the crude oil in these sediments is 
found predominantly toward the bottoms of the cores, away from the  zone of sulfate reduction.  If the 
carbonates are forming at or near the sediment water interface this oil would be outside of this area of 
active carbonate formation.  The crude oil staining in these sediments is quantitatively less important 
than the large amounts of massive hydrocarbon gases from hydrates in the sediments. Additionally, 
because the molecules  of gaseous hydrocarbon are smaller than refractory crude oil (Ferry, 1997), it 
is reasonable to suggest that they are preferred by bacteria over crude oil.  In other settings, (e.g. 
Green Canyon 185, Sassen et al. 1994) crude oil is always found to be extremely biodegraded, which 
is interpreted to mean that it was not recently supplied to the mound and that biodegradation could 
have happened anywhere between the hydrocarbon reservoir and the seafloor.   
(3.5.5c:  GC 185 Carbonate d13C) 
Carbonates from GC 185 ( core 095-2647-M2 Fig. 3.37) show similar 13C depletions as those 
from GC 232.  The carbonate d13C values are uniform downcore as are the pore fluid d13CDIC values 
and calculated carbonate d13C values.  In the GC 185 core there is a disconnect between the 
carbonate and pore fluid carbon stable isotopes  which indicates that the carbonates are not a direct 
product of the present pore fluids.  The pore fluids from GC 185 have less negative d13CDIC values 
than the carbonates that are interpreted to be the result of methanogenesis in the pore fluids initiated 
after rapid and nearly complete sulfate depletion.  Methanogenic reactions create a pool of isotopically 
light carbon in the methane and isotopically heavy carbon in the residual CO2.  These carbonates give  
Figure 3.48: Histogram of measured carbonate d13C.  Results of mass balances 
simulating mixing between seawater DIC and different hydrocarbon sources are 
shown
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credence to  scenarios in which cycling between sulfate reduction and in situ production of methane 
produce pore fluid DIC with vastly different d13C values, resulting in an integrated d13CDIC that reflects 
mixing of several carbon sources.  Although the carbonate isotopes and general environment of 
formation are nearly identical to those from GC 232, the heavy pore fluid isotopes the possibility must 
be considered that the carbonates reflect a mixture of carbon sources as intense sulfate reduction in 
the top few cm gives rise to methanogenesis, which is halted by subsequent influx of sulfate-rich 
seawater.  Considering the hydrocarbon sources and sulfate reduction rates, this cycle could happen 
over and over in a relatively short period of time, continually superimposing the resulting carbonate 
isotope signatures on the pore fluids and resulting carbonate nodules.  In the end, the carbonate 
nodules are a mixture of light and heavy CO2 and depending on during which cycle the sediments and 
pore fluids are collected, the interpretation of the fluids and carbonates may be vastly different.   
There is no evidence of large-scale zonation in the GC 185 carbonates, either in stable 
isotopes, mineralogy, or elemental chemistry. Multiple stages of prolonged growth indicate that a 
nodule should incorporate isotopic and chemical properties from several different depth-related and 
hydrocarbon source-related processes in their cement compositions. This includes the continued 
addition of cement derived from the alkalinity generated during sulfate reduction utilizing various 
metabolic substrates.  Raiswell and Fisher (2000) argue that precisely this type of cementation 
(termed “pervasive”) is required to produce the typical isotopic and mineralogical variations found in 
concretionary cements.   Combining observations from GC 232 and GC 185 has provided an 
important insight into the nature of carbonate formation in seep sediments and shows that 
interpretation of carbonate stable isotopes may not be as straightforward as simply matching d13C 
value of carbonate to the d13C of different carbon sources.   
(3.5.5d:  GC 272 Carbonate d13C) 
Carbonates from GC 272 (Figs. 3.39, 3.40, and 3.41) have d13C values which are more 
isotopically depleted compared to those from GC 232.  The range of carbonate and pore fluid DIC d13C 
values (as negative as -40 ‰ PDB and –52 ‰ PDB, respectively) give definite evidence of biogenic 
methane sources.   Determination of  the provenance of the carbon in the carbonates and pore fluid 
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DIC is a more straightforward process due to the lack of multiple gaseous hydrocarbon and liquid 
petroleum in the sediments.  
Cross-plots of carbonate d13C versus d18O for all carbonate from GC 232, GC 185, and GC 
272 suggest differences in formation environments for carbonate nodules (Fig. 3.49). Field A is 
exclusively occupied by the carbonates from GC 232.  Field A corresponds to formation from mixed 
thermogenic hydrocarbons and seawater bicarbonate in areas with present day temperature and pore 
fluid d18O composition. Carbonates from GC 272 Areas 2 and 3 occupy a position that overlaps 
between Field A and Field B in Figure 3.49.  Field B corresponds to carbonate formation in areas with 
present day temperature and pore fluid d18O composition from mixed biogenic methane and seawater 
bicarbonate.  Field C corresponds to carbonates formed from either thermogenic or biogenic 
hydrocarbons sources but these carbonates have low d18O as a result of their formation in areas which 
experienced  elevated temperatures as a result of rapid fluid venting of fluidized sediment from warmer 
depths to the surface.  Field C is characteristic of carbonate from GC 272 Area1 mud volcano 
sediments.   
(3.5.5e:  Preferential Bacterial Oxidation of C2+ Gases: Relevance to Formation of GC 232 Carbonate 
Nodules) 
 
Figure 3.50 shows the reported isotopic values of C2-C5 gases bound in the solid hydrate and 
collected from free gas in the sediment (see Table 3.1 for references).  The sediment gases are 
isotopically heavier than the same gas phases containing the solid gas hydrate. The d13C value of 
ethane in sediments (-26.7‰ PDB) is enriched in 13C by 2.6‰ relative to ethane from gas hydrate, 
consistent with a kinetic isotope effect from microbial oxidation at the GC 234 site. The d13C of 
propane in sediments (-22.1‰) is enriched in 13C by 4.0‰ relative to gas hydrate, also assumed to be 
a kinetic isotope effect from microbial oxidation.  Enrichment of 13C is a kinetic isotope effect of 
bacterial hydrocarbon oxidation caused by preferential utilization of 12C from the reactant pool (Sassen 
et  al., 2001).  Compared to reservoir and vent gas there is no meaningful isotopic fractionation in the 
gasses contained within the hydrate which indicates that the hydrate gases are protected from 
bacterial degradation while in the hydrate crystal lattice (Sassen  et  al., 1999c. Sassen et al. (2004) 
the ratio of d13C ethane/ d13C propane (mean=1.3) in hydrate sediment is higher than in vent gas or gas  
Figure 3.49: Cross-plot of carbonate d13C versus d18O for all carbonate from GC 232, GC 185, and GC 272 indicates difference in 
formation environments for carbonate nodules.
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Figure 3.50: Higher-weight hydrate forming gases from sediments around 
hydrate- bearing sediments in GC 185 and GC 234 show the effect of bacterial 
utilization of these hydrate components (Data from sources in Ta ble 3.1).
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hydrate at Bush Hill. This is consistent with an H2S-rich environment with preferential anaerobic 
bacterial oxidation of propane relative to ethane. The isotopic data are consistent with anaerobic 
methane oxidation, microbial CO2 reduction, with authigenic carbonate rock a geologically stable end 
product. 
Hydrocarbons such as isopentane, normal butane, normal pentane, and particularly propane 
are highly altered by microbial oxidation (Sassen et al., 2004). Based on comparison of kinetic isotope 
effects from microbial oxidation, the stability in anaerobic sediment around gas hydrate is in the order 
of isobutane>ethane>isopentane>normal butane>propane>normal pentane. 
The preferential microbial utilization of C2+ hydrocarbons over methane has been well-
documented in natural settings.  James and Burns (1982) observed that during the initial stages of 
bacterial gas alteration, propane seems to be selectively attacked, resulting in anomalous propane 
isotopic compositions as well as unusual carbon isotopic distributions among the other wet gas 
components.  For gases from offshore Australia and Western Canada, extensive bacterial alterations 
removed all but traces of wet gas components from C2 through C6 resulting in a dry gas containing 
more than 96% methane.  In contrast to James and Burns (1984), Bayliss et  al., (1994) as well as 
Clayton et  al. (1997)  witnessed bacterial alteration in leaking natural gas reservoirs where methane 
and ethane are preferentially utilized, with propane being degraded by about half as much. Similar 
effects were seen in natural gases from Australia (Pallasser, 2000) where there were high C2/C3 ratios 
and a complete absence of C4 and C5 with the most pronounced microbial effects on ethane, possibly 
the work of ethane specific utilizing microbes (Davis, 1967). 
If there is indeed a preferential bacterial oxidation of the C2+ gases in the sediment , then 
there is a need for a reappraisal of the molecular properties of reservoir, hydrate, sediment, and vent 
gases around GC 232 seeps (Fig. 3.51A). As discussed earlier, gas bubbles that vent from the surface 
of hydrate-bearing sediments may be part of a gas stream from the subsurface petroleum system, 
hydrate dissociation  or both.  Sassen et  al. (2001b) report that the molecular distribution of the vent 
gas is consistent with stripping C2+ hydrate-forming molecules originally present in the reservoir gas 
as a consequence of active hydrate crystallization during migration from the subsurface.  Instead of 
stripping of heavier hydrate-forming gases from the reservoir gas, a preferential microbial utilization of  
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Figure 3.51: (A) Gas bubbles that vent from the surface of hydrate-bearing sediments 
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these components as they are cycled through the hydrate/sediment system would result in their being 
less of those components in the vent gas (Fig. 3.51B), with the formation of carbonate sink, which 
reflects the stable isotopic composition of those components. 
The likelihood of a mixed isotopic signal of sulfate-dependent methane oxidation and oxidation 
of non-methane hydrocarbons may has implications for metabolic and ecological relationships of the 
microbial community at these seep sites. It is possible that the metabolic pathways of methane 
oxidation and non-methane hydrocarbon oxidation are separated in time—perhaps as a result of time-
varying hydrocarbon inputs. As such, the d13C of bulk, disseminated CaCO3 would integrate across the 
range of DIC sources that dominate at various times. Conversely, the two pathways may occur 
simultaneously but are separated in space on very small (microniche) scales. Finally, the two reaction 
pathways may co-occur in time and space. 
(3.5.5f:  Amount of Carbon in Seep Carbonates) 
Hydrocarbon-derived carbonates have the potential to sequester large amounts of carbon into 
a carbonate sink.  Assuming 50% porosity where half of the sediment is fluid and half the sediment is 
mixed siliciclastics/carbonate (with densities of 1g/cm3 and 2.7 g/ cm3, respectively) the sediment has 
a bulk density of 1.85 x 106g/m3.  Sediments with a carbonate content of 50 weight percent is equal to 
925,000g CaCO3/1,850,000g sediment or 0.985 gCaCO3/cm3 which is equal to 9.25 mmol 
CaCO3/cm
3 (9.25 x 103 mol CaCO3/m
3).  Assuming that the carbonates contain 75% hydrocarbon 
carbon and are formed from a methane source, 1 m3 of sediment contains the carbon from 
approximately 9250 moles of CH4.  This corresponds to 231 m
3 CH4 at standard temperature and 
pressure.  This is more than the amount of gas contained in 1m3 of hydrate (140 m3 CH4/m
3 hydrate, 
Milkov and Sassen, 2001).  Integrated over the entire seep site, for multiple seeps, across the GOM 
slope, and through extended periods of hydrocarbon seepage carbonate formation has the ability to 
isolate huge amounts of carbon and acts to mitigate methane release to the atmosphere.  Ultimately 
the total amount is dependant on the venting rate of hydrocarbons and the ability of sulfate reduction 
in near surface sediment and the water column to keep up with the venting rates. 
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(3.5.5g:  Implications for Carbon Cycling and Global Warming) 
The microbial utilization of hydrocarbon derived compounds in GOM seep sediments raises 
several interesting possibilities concerning carbon cycling in hydrate-bearing sediments and in the 
marine environments as a whole.  Microbial utilization of venting hydrocarbons implies that the carbon 
from seeping hydrocarbons has the potential to be put into an authigenic carbon sink.  This points to a 
need for the reconsideration of models of the amount of methane and other gaseous hydrocarbons 
released during the sublimation of hydrates.  These reactions could act as a buffer to global warming 
in scenarios where hydrate decomposition is the proximal source of green house gases.  Also, if the 
preferential microbial utilization of C2+ hydrocarbons can take place in the solid hydrate structure, it 
could act to change the conditions required for hydrate stability for given P/T conditions, resulting in a 
“microbial destabilization” of thermogenic hydrates. Carbonate formation at cold seeps has important 
impacts of seep geology by acting to seal the seep and inhibit hydrocarbon flux to the seep area.  The 
fact that GOM seeps have such a varied source of different hydrocarbons presents some difficulties in 
determining ultimate carbon sources in resulting carbonates.  The addition of pore fluid data allows for 
a better understanding of modern seeps  and seep processes, allowing for a much clearer 
understanding of fossil seeps throughout the world. 
3.5.6:  Relevance of Modern Studies of Carbonate Formation at Seeps to Recognition Ancient Seeps 
Numerous methane-seep deposits have been reported from Cenozoic strata but a  much 
smaller number of Mesozoic  deposits has been recognized (Gaillard et al., 1992; Campbell and 
Bottjer, 1993; Kelly et al.,  1995, 2000; Kaufman et al., 1996; Campbell et al., 2002).  Only two 
Paleozoic deposits have been located using geochemical and other evidence to identify ancient seep 
deposits (Peckmann et al., 1999, 2001). Other Paleozoic deposits have been interpreted to be related 
to methane seepage based on the high abundance but low diversity faunal assemblages (Campbell 
and Bottjer, 1995).  
As microbial activity is the prerequisite for carbonate formation at methane-seeps, Peckman 
and Thiel (2004) classify seep carbonates as “microbialites”, a term currently mostly applied to shallow 
water carbonates related to  phototrophic processes. This study of microbialites in their incipient 
stages of formation allows for a verification of these techniques for identifying fossil seeps.  Distinctive 
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carbonate fabrics and stable isotope signatures are  diagnostic for fingerprinting biogeochemical 
processes at ancient seep sites. Additional information may be obtained by the examination of  
biomarker patterns related to seep-dwelling microbes that drive sulfate reduction and AMO.   
A pelloidal microfabric of primary origin, common in many seep carbonates from the GOM 
reflect small-scale variations in the  chemical environment due to microbial activity.  Micritic nodules, 
which have been described as forming the matrix of some ancient seep carbonates, formed 
analogously to the carbonate concretions described here. The genesis of pyritiferous nodules in 
ancient seep deposits is also linked to the oxidation of hydrocarbons in an anoxic environment. The 
involvement of microbes in carbonate formation is further indicated by  fossilized bacteria seen at 
some fossil seep sites, although there presence in the carbonates in this study are speculative at best.  
Seep carbonates are generally typified by low d13C values, as they inherit the stable isotope 
signature from the primary carbon source, 13C-depleted methane. The d13C of the methane source is 
usually significantly lower than d13C values, indicating additional carbon sources are involved in 
carbonate formation. Due to variable degrees of mixing, an evaluation of  the carbon source based on 
13C values alone is problematic. Apart from carbonate phases with low d13C values, ancient seep  
carbonates often contain later diagenetic 13C-enriched phases that are often interpreted to have 
formed in the zone of methanogenesis.  These types of processes produce carbonates whose d13C 
reflect mixing of several carbon sources like the relatively d13C seen in some GOM seep carbonates.  
Carbonate phases that formed in the absence of hydrocarbon seepage, or even during subarial 
exposure in the course of pedogenic processes will have d13C ratios that are vastly different from the  
depleted d13C of methane/hydrocarbon derived carbonates.  These isotopically heavy cements may be 
useful indicators of the amount of dilution of the primary d13C signal with components added later in 
the history of the carbonates.   This can lead to uncertainties regarding the interpretation of stable 
carbon isotopes of ancient seeps.  Seeps sourced from multiple thermogenic and biogenic 
hydrocarbon sources with negative d13C  in addition to carbon from methanogenesis which results in 
carbon pools with vastly different d13C, as in the case of the GOM seeps presented here.  These 
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carbonates may have primary d13C ratios that are “anomalously” heavy compared to inferred negative 
d13C  of methane.  
Carbonate nodules forming in the cold temperatures of deep marine bottom water should have  
d18O  that is generally positive.  In some areas, unusually high 18O values of carbonate phases can be 
used to track the  destabilization of gas hydrates at modern seeps, but this approach has not been 
successfully applied to ancient seep  deposits. Light d18O values observed in carbonates from fossil 
seeps in terrestrial regions are often  interpreted as evidence of secondary alteration and 
recrystalization of carbonate nodules at higher temperature in the presence of fluids with different 
d18OH2O.  This study has shown that in some GOM seep setting, the relatively light d
18O of the 
carbonate may instead be a primary isotope signal rather than evidence of alteration.   
Characteristic biomarkers in modern seep environments are also seen in ancient seep 
carbonates and include the following: (i) 13C-depleted archeal isoprenoids, (ii) linear and  methyl-
branched carbon skeletons derived from sulfate reducing bacteria, and (iii) hopanoids of bacterial 
origin (Peckmann and Theil, 2004; Zhang et al., 2002, 2004). Their close correlation with lipids  from 
modern seep environments indicates that the relevant taxa and thus the mechanisms of carbon 
cycling at  methane-seeps have persisted at least since the Mesozoic (Peckmann and Theil, 2004). 
Likewise, the consistent d13C depletions of methane-related  chemosynthetic fossils allow tracking 
diagenetic alterations of the inferred precursor lipids. 
3.6: Summary and Conclusions 
The formation of authigenic carbonates is an important process in modern hydrocarbon seep 
sediments.  Several Gulf of Mexico seep studies have shown that for sediments and seep sites that 
are as close as tens of meters there can be major differences in the hydrocarbon substrate utilized by 
microbes in the sediments, and differences in the resulting geological products of these reactions.  
Analysis of carbonate during its incipient  stages of growth has allowed the development of  different 
models for its formation.  Additionally, the application of an integrated study of pore fluids and 
sediments has assisted in refinement of the carbonate precipitation models.    
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The chemical composition of the GC 232 sediments shows that they have been strongly 
affected by hydrocarbon seepage.  Gas chromatograph analyses of crude oil from GC 232 sediments 
show incomplete biodegradation of crude oil from the sediment and implies a recent emplacement of 
the seep oil in GC 232.  All cores have elevated TOC (up to 12 wt. %) compared to background 
sediments and  d13CTOC ratios (from –26 to –28 ‰ PDB) indicating the influence of petroleum 
hydrocarbons.  
Up to 70 wt. % carbonate In sediments from GC 232 and up to 40 wt. % carbonate GC 185 
are evidence of the persistence of the carbonate forming processes over time.  Low diagenetic 
carbonate contents in GC 272 (averaging ~20 wt. % carbonate) imply that these sediments are only 
now experiencing the earliest stages of hydrocarbon seepage and therefore have not had enough time 
to develop large quantities of carbonate or that pulsed discharge from mud volcanoes provides limited 
amounts of hydrocarbons to the seafloor.   
The carbonate nodules formed in the top few cm of the sediment as a direct result of 
continuous microbially-mediated sulfate reduction reactions driven by pervasive hydrocarbon seepage 
and the presence of gas hydrates.  The preponderance of aragonite (20-30 % of the total sediment) 
over Mg-calcite (only 5-20% of the total sediment) in sediments from GC 232 and GC 185 indicates 
continual carbonate precipitation at the sediment-water interface resulting in early aragonites (under 
high sulfate conditions) and later precipitation of Mg-calcite (under lower sulfate conditions) as pore 
fluid sulfate contents vary according to the amount of microbial sulfate reduction and influx of sulfate-
rich seawater.  The mineral assemblages in GC 272 Areas 1 and 3 contain dolomite (5-10 % total 
sediment) and Mg-calcite (ranging from 5-25% total sediment), but no aragonite.  The GC 272 sites 
were shown in Chapter 2 to have experienced rapid and intense sulfate reduction.  This depletion of 
sulfate creates a geochemical environment where the precipitation of dolomite and high-Mg calcite 
dominates. Despite the mineralogical differences between GC 232 and GC 185 carbonate nodules 
(aragonite and Mg-calcite but no dolomite) compared to GC 272 carbonate nodules (dolomite and Mg-
calcite but no aragonite), the nodules from GC 272 resemble the GC 232 carbonates in shape and 
size. The similarity of carbonate nodule size and shape indicates that the carbonate-forming 
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processes occurring at the different sites are similar.  There is an advection of hydrocarbons from 
below that are utilized by bacteria to create the geochemical conditions for carbonate formation.  
Authigenic carbonate nodules from GC 232 and GC 185 have d18O values (d18O ranging from 
2.4 to 4.7 ‰ PDB)  that indicate they precipitated from fluids at ambient bottom water  temperature 
and with isotopic compositions identical to the fluids squeezed from the core.  The oxygen isotope 
values from some carbonate nodules in GC 272 are as low as  –6.7 ‰ PDB.  These light d18O 
samples from GC 272 carbonate nodules give evidence of “warm vents” in the GOM.  Carbonates 
from GC 272 Area 1  have oxygen isotopes ranging from +4.2 to –6.7 ‰ PDB indicating that they were 
formed at temperatures as high as 59° C.  Carbonates from GC 272 Area 2 average +3.1 ‰ PDB  and 
were formed at temperatures within the range of possible temperatures for water depths of 700 m in 
the GOM.  Samples from GC 272 Area 3 show a variation of formation temperatures (d18O ranging 
from +3.8 to –1.1 ‰ PDB)  with samples from core 00-3627-60 indicating precipitation at ambient 
temperatures, while cores 00-3627-58 and 59 appear to have been precipitated at varying 
temperatures from ambient to as high as 40° C. 
Over time, with persistent seepage there may be changes in the different hydrocarbons in the 
sediments and there may be overprints in the carbonate of crude oil, thermogenic methane and other 
thermogenic gaseous hydrocarbons, and even biogenic methane formed in situ from the activity of  
methanogens acting on organic matter in the local seep sediments.  Based on the d13C ratios for GC 
232 carbonates (carbonate nodule d13C ranges from –11.8 to –24.5 ‰ PDB), non-methane 
hydrocarbons are the dominant carbon sources for the precipitation of authigenic carbonates in the 
hydrate and seep environments. They also contain a small but significant proportion of carbon from 
seawater DIC.   Methane is a contributor to, but not the dominant source of carbon supporting 
microbial metabolism in GC 232.  Microbial consumption of non-methane hydrate-forming  
hydrocarbons (i.e. ethane, butane, etc.) appears to be the major process.  Carbonate stable isotope 
values are consistent with microbial hydrocarbon oxidation, production of CO2 depleted in 
13C, 
microbial reduction of CO2, and ongoing precipitation of authigenic carbonate rock depleted in 
13C. 
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Carbonates from GC 185 show similar 13C depletions to those from GC 232.  The carbonate 
d13C values are uniform downcore (carbonate nodule d13C ranges from –21.7 to –26.3 ‰ PDB) as are 
the pore fluid d13CDIC values (Chapter 2).  In the GC 185 core there is a disconnect between the 
carbonate and pore fluid carbon stable isotopes  (pore fluid d13CDIC ranges from –9.2 to –15.8 ‰ PDB)  
which indicates that the carbonates are not a direct product of the extant pore fluids.  The pore fluids 
from GC 185 have less negative d13CDIC values (GC 185 d
13CDIC averages –12 ‰ PDB) than the 
carbonates that are interpreted to be the results of methanogenesis initiated after rapid and nearly 
complete sulfate depletion. 
GC 272 carbonates have d13C ratios which are more isotopically depleted compared to those 
from GC 232 because the fluids have been affected by biogenic hydrocarbons (Chapter 2).  The range 
of carbonate and pore fluid DIC d13C values from GC 272 (as negative as -40 ‰ PDB and –52 ‰ 
PDB, respectively) give definite evidence of biogenic methane sources.   Determination of  the 
provenance of the carbon in the carbonates and pore fluid DIC is a more straightforward process due 
to the absence of multiple gaseous hydrocarbon and liquid petroleum sources in the GC 272 
sediments.   
The ramifications of the coexistence in the same cores of both dolomite and glendonite ikaite 
pseudomorphs in the mud volcano sediments from GC 272 Area 1 are interesting.  The dolomites are 
interpreted to be formed at elevated temperatures on the basis of oxygen stable isotopes , while the 
glendonites are pseudomorphs of low temperature minerals.  The presence of these phases in the 
same sediments points to different times of formation in vastly different physical and chemical 
environments. The presence  of glendonite means that the pulses must be infrequent enough so that 
the transition of ikaite to its pseudomorph may proceed before the complete breakdown of ikaite.   
Hydrocarbon-derived carbonates may sequester large amounts of carbon.  Assuming that the 
carbonates contain 75% hydrocarbon carbon and are formed from a methane source, 1 m3 of 
sediment contains the carbon from approximately 9250 moles of CH4.  This corresponds to 231 m
3 
CH4 at standard temperature and pressure (more than the amount of gas contained in 1m
3 of hydrate).  
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Integrated over the entire seep site, carbonate formation has the ability to isolate huge amounts of 
carbon and acts to mitigate methane release to the atmosphere.   
A pelloidal microfabric of primary origin, common in many seep carbonates from the GOM as 
well as low d13C ratios are examples of  distinctive carbonate fabrics and stable isotope signatures that 
may be used as diagnostics for fingerprinting biogeochemical processes at ancient seep sites. 
Demonstration here of the variable degrees of mixing between different hydrocarbons in modern 
seeps, shows that care must be taken when evaluating of  the carbon sources based on 13C values 
alone for ancient seeps. Light d18O values observed in carbonates from fossil seeps in terrestrial 
regions are often  interpreted as evidence of secondary alteration and recrystalization of carbonate 
nodules at higher temperature in the presence of fluids with different d18OH2O.  This study has shown 
that in some GOM seep settings, the relatively light d18O of the carbonate may be a primary isotope 
signal rather than evidence of alteration.   
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CHAPTER 4:  
RADIOCARBON AND STABLE CARBON ISOTOPE TRACERS  
OF HYDROCARBON VENTING HISTORIES IN GULF OF MEXICO SEEPS 
 
4.1: Introduction 
Sedimentation rates at bathyal depths are difficult to constrain and in gas hydrate-bearing 
sediments of the Gulf of Mexico (GOM) continental slope they are essentially unknown.  The 
hummocky bathymetry and subsurface complexity of the continental margin of the northern GOM is 
controlled by the dynamic vertical and horizontal displacement of allochthonous salt, resulting in a very 
complex seafloor topography (Bouma and Bryant, 1994).  In addition to diapiric tectonics and related 
faulting as a control on the GOM slope’s complicated bathymetry, a range of other phenomena are 
observable such as mass movement features, seafloor erosion, hardgrounds, bioherms, reefs, and 
rock outcrops (Bouma and Roberts, 1990).  Hydrocarbon seepage to surface sediments in the GOM 
from deep reservoirs has significant impact on the biological, geochemical, and geological features of 
the seafloor across the entire continental slope.  Chemosynthetic organisms live in complex 
communities surrounding hydrocarbon seeps and utilize seeping liquid or gaseous hydrocarbons and 
in situ H2S in the seep sediments as energy sources.  Within this setting, determination of 
sedimentation rates over short time spans requires that a package of sediment on the seafloor remain 
stable for that period of time without being disturbed by any of the above mechanisms.  Sea-level 
fluctuations have a tremendous effect on geological activities on the continental slope and sea level 
lowering and lowstands are the periods during which most of these activities take place.  Recent 
sediments deposited during the present highstand conditions may meet the conditions of stability 
required for their utility as datable deposits.   
In normal deep sea sediments, the carbonate fraction is dominated by a pelagic component 
consisting of calcitic foraminifera tests, whereas gas hydrate-bearing sediments on the Louisiana 
continental slope examined here (sample sites shown in Fig. 4.1) contain up to 70% by weight 
authigenic carbonate which forms as a result of bacterially-mediated coupled anaerobic methane 
oxidation (AMO)/sulfate reduction reactions.  The different hydrocarbons consumed in these 
processes (i.e. biogenic or thermogenic methane, crude oil, etc.) imprint distinctive stable carbon  
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isotope and radiocarbon signatures on the resulting carbonate phases which provide insight into the 
different microbial processes occurring in the sediments.  
 Radiocarbon (14C) is an excellent tracer of geochemical and biological processes that occur in 
the environments surrounding hydrocarbon seeps.  The legitimacy of the radiocarbon “dates” depends 
on the ability to identify confidently the carbon sources incorporated in the different materials. Two 
carbon sources are dominant in the submarine environment of seeps in the GOM which exhibit 
significant differences in their 14C contents and 13C compositions: (1) dissolved carbon in the ambient 
sea water with depleted 14C contents relative to the atmospheric reservoir (95% to 80% modern 
carbon in GOM deepwater, Matthews et al., 1973) and d13C of 0.6 ‰ PDB (Aharon et al., 1997); and 
(2) dissolved carbon in pore fluids derived primarily from microbial oxidation of fossil hydrocarbons that 
are 14C-free (i.e. “dead” or “fossil” carbon) and irregularly depleted in the 13C isotope relative to 
seawater (crude oil, thermogenic methane, and biogenic methane have d13C approximately –28, -45, 
and –60-  to –90 ‰ PDB, respectively).   
Paull et al. (1989 and 1992) used radiocarbon measurements to show that a significant 
proportion of seep-derived 14C-free “old” carbon was present in living organisms including mussels, 
tube worms, bacterial mats, and associated authigenic carbonates around methane seeps along the 
Florida escarpment in the GOM, indicating a link between methane and the metabolic functioning of 
chemosynthetic organisms.  Bauer et al. (1990) measured natural 14C abundances in sedimentary 
organics, pore fluid dissolved inorganic carbonate (DIC), and fauna surrounding hydrocarbon seeps 
offshore California and concluded that fossil carbon was a major component of the carbon pool in 
those seep sediments.  
Goni et al. (1998) report radiocarbon ages of sedimentary organics from surface sediments 
throughout the GOM which indicate that a significant proportion of the organic carbon in these 
sediments must be relatively old.  Most likely these organics are of allochthonous origin, but the 
possibility exists that the input of 14C-dead carbon from fossil hydrocarbons may be a source of 
anomalously old organic material although most natural seeps are localized phenomena.  Wang et al. 
(2001) measured 14C abundances in sediment total organic carbon (TOC) and total lipid fractions of 
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sediments from seeps in Green Canyon lease blocks 234 and 185 in the northern GOM.  Their results 
indicated that up to 60% of the organic carbon in seep sediments was composed of hydrocarbon-
derived 14C-depleted carbon.  
Aharon et al. (1997) used U/Th isotopes for absolute dating of GOM seep carbonates. They 
showed that the 87Sr/86Sr composition of the carbonates support carbonate formation from seawater-
derived fluids, rather than from formation fluids advecting from deep aquifers. Radiometric ages from 
extinct and modern seep sites at upper bathyal depths indicated that GOM hydrocarbon seepage 
occurred there during late Pleistocene time (195-13 ka).  Ages derived from active seep sites at mid-
bathyal and abyssal depths (12.3-0.0 ka) indicated that currently vigorous seepage was initiated at the 
end of the last deglaciation. These radiometric ages most likely reflect the time of sedimentary loading 
and associated salt diapirism that activated the fault conduits to the sea floor (Aharon et al. 1997). 
Because carbonates incorporate 14C-free carbon from hydrocarbon sources, 14C measurements 
cannot be used as an absolute dating method for the age of authigenic carbonates formed in these 
types of seep environments.  However, radiocarbon is an important tracer of hydrocarbon-related 
processes in authigenic carbonates formed in seeps and can be combined with radiocarbon 
measurements of other materials to arrive at accurate ages for the sediments. 
In this study, coupled radiocarbon-stable carbon isotope analyses of seep-dwelling benthic 
gastropods and associated authigenic carbonate nodules are employed to (i) determine sediment 
accretion rates in Gulf of Mexico deepwater hydrate-bearing sediments, (ii) establish the amount of 
hydrocarbons partitioned into a carbonate reservoir, and (iii) to document hydrocarbon flux rates from 
the GOM seep sample sites using the rates of sediment accretion and carbonate formation.   
4.2: Samples and Methods  
4.2.1:  Samples and Sample Sites 
Sample sites and descriptions of cores used for sampling are described in detail in Chapters 1-
3. The cores used in this study from GC 232, GC 185, and GC 272 were collected during research 
cruises in 1995, 1997, and 2000.   
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(4.2.1a:  GC 232 Samples) 
Core 1997-2900-WM was taken through sediments overlain by a white Beggiatoa spp. 
bacterial mat, while cores 1997-2900-OM, 1995-2639-PW3, 1995-2639-PW4 were all taken through 
sediments overlain by orange-red Beggiatoa.  The sediments from the cores in this study are 
composed of fine-grained hemipelagic clays and authigenic carbonates comprised of centimeter size, 
buff-colored carbonate concretions.  Compared to a background core which had 18% total carbonate 
composed of planktonic and benthic foraminiferal tests the sediments from GC 232 have total 
carbonate up to 70% with an average of 40% total carbonate.  The excess carbonate in the sediments 
are nodules (90% carbonate) composed of both high-Mg calcite.  Down-core stable isotope ratios are 
depleted in 13C compared to normal detrital foraminiferal carbonate found in the sediment (mean d13C 
= -17.9 ± 3.57 ‰ PDB, for n = 85,). 
(4.2.1b:  GC 232 Samples) 
The core used in this study from GC 185 Bush Hill is 95-2647-M2.  It was taken during the 
summer of 1995 using the Johnson Sea-Link II submersible in sediments populated with 
chemosynthetic mussels of the Bathymodiolus  species.  Sediments from GC 185 are similar to those 
from GC 232 in that they are composed of fine-grained hemipelagic clays and authigenic carbonate 
nodules consisting of aragonite and high-Mg calcite cements.  Total carbonate content in the M2 core 
averages 31 weight percent.  Carbonate stable isotope ratios from core M2 are slightly more depleted 
in 13C than the GC 232 cores (mean d13C  =  -24.12 ± 1.19 ‰ PDB, for n = 14).   
(4.2.1c:  GC 272 Samples (Core 00-3627-60)) 
Core 00-3627-60 was taken in GC 272 in 700 m water depth through patches of orange 
Beggiatoa spp.  mats in an area of gas hydrate accumulation. Sediments from core 00-3627-60 
contain very little excess carbonate compared to background values (average 21 wt. %) and 
carbonate nodules are dispersed sparsely throughout the sediment.  Carbonate nodules are 
composed of a mixed mineralogy of high-Mg calcite and dolomite.  Stable isotope ratios of concretions 
from core 60 are more depleted in 13C than carbonates from the other two sites (mean d13C  =  -30.61 
± 5.29 ‰ PDB, for n = 7). 
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4.2.2:  Dating Samples 
The ideal material for radiocarbon dating of deep-sea sediments is same-species samples of 
planktonic foraminifera.  In an area of pervasive carbonate precipitation like the gas hydrate-bearing 
sediments studied here, all the foram-sized particles are filled and coated with hydrocarbon-derived 
authigenic carbonate.  This hydrocarbon-derived carbonate causes the forams to appear older than 
their actual age which renders them useless as dating material.  The seeps do contain relatively large 
(approximately 0.5 cm) deep-sea gastropods (Gymnobela sp. , Waren and Bouchet, (1993, 2001)) 
which live and die at the sediment-water interface and are then incorporated in the sediment as it 
accumulates. These benthic gastropods are mobile, moving in and out of the seep environment as 
they consume the abundant seep fauna.  The gastropod shells are in isotopic equilibrium with 
seawater and no "old" carbon is present. 
Figure 4.2 shows examples of the types of gastropods used for dating GOM seeps.  Shells 
toward the top of the sediment cores (left, lighter-colored shell in each picture in Fig. 4.2B) show little 
or no contamination from authigenic carbonate cements.  The shells on the right in each picture are 
from the bottoms of the sediment cores and exhibit more authigenic cement overgrowth.  This cement 
is 14C depleted and the radiocarbon ages of the bulk shells will give an age which is much older than 
the sediment in which the shell is deposited.  Although these shells are in some case coated with an 
authigenic carbonate overgrowth, paired radiocarbon measurements of gastropod shells and the 
associated authigenic contaminant can be adjusted to yield the age and accretion rate of these 
sediments. Once radiocarbon measurements performed on these deep-sea gastropods are used to 
determine accurate accretion rates in sediments from GOM hydrocarbon seeps, these ages can be 
related to "false" ages for the hydrocarbon-derived authigenic carbonates in order to determine the 
contribution of fossil carbon from  hydrocarbon sources to the carbonate nodules.  
Twenty two samples were analyzed from GC 232: three paired samples (a gastropod shell and 
a carbonate nodule from the core top , middle, and bottom)  from three cores (WM, PW3, and PW4) 
and two paired samples (a gastropod shell and carbonate nodule from core top and core bottom) from 
the 97-OMP core.  Six samples were analyzed from each core for 95-2647-M2 from GC 185 and 00-
3627-60 from GC 272 (gastropod shell and carbonate pairs from core top, middle, and bottom).  For  
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Figure 4.2: A Schematic representation of authigenic carbonate overgrowth on 
seep-dwelling gastropods. B Specimins from core 97-2900-WM from GC 232.  
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the sample from M2-2 (-2 cm sub-bottom depth) a shell from a Bathymodiolus spp.  mussel was used 
due to the lack of a suitable gastropod shell for dating.  The gastropod shells of the Gymnobela 
species are preferable for dating because the organisms are mobile and move in and out of the seep 
environment while the chemosynthetic mussels are generally immobile and tend to position 
themselves within an environment where hydrocarbons actively seep into the water column.  
Therefore the chemosynthetic mussel dated from 95-4647-M2-2  (as will be shown later) is not 
suitable for dating as it did not necessarily form its shell from the seawater DIC pool and may be 
contaminated with dead carbon from the seeping fluids. 
4.2.3: Methods-Sediments 
Push cores were frozen onboard the ship to be used for later sediment analysis.  All Analyses 
were performed at LSU.  Upon returning to shore, frozen cores were sliced lengthwise.  Half was 
immediately returned to the freezer for archival purposes while the other half was cut into 1-cm sub 
samples.  These samples were washed with distilled water to remove any salt residues from saline 
pore fluids.  Half of each sub sample was washed using a 63 m sieve, the other half was crushed for 
further analyses. Carbonate concretions as well as small gastropod shells were hand-picked from the 
sieved samples and used for stable isotope analysis.  Bulk crushed shell samples were also used for 
stable isotope analysis as well as microsamples (< 1 mg) of shell carbonate and carbonate 
overgrowths on the shells.  Powdered aliquots of carbonate samples  and standards were dissolved at 
50° C in 100% H3PO4 under vacuum, and the 
13C/12C isotopes were measured on the cryogenically 
purified CO2 using an automated Nier-type triple collector mass spectrometer. The isotope data are 
reported in the standard “d” notation in permil relative to the Peedee belemnite standard (PDB).  The 
overall error of isotope determinations is estimated to be ±0.1% (1s) on the basis of replicate standard 
analyses. Additional stable isotope analyses were done for microsamples (10 mg) drilled from 
uncontaminated areas of the shells and small patches of carbonate cement on the shells.  
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4.2.4:  Methods-Radiocarbon  
Accelerator mass spectrometry (AMS) radiocarbon analyses were performed at the Woods Hole 
Oceanographic Institution's NOSAMS AMS facility.  For AMS radiocarbon analyses, powder aliquots 
of carbonate nodule samples  and NOSAMS laboratory standards were dissolved at 50° C in 100% 
H3PO4 under vacuum (the same process used to collect CO2 for stable isotope analyses).  The gas 
was cryogenically purified, the yield was measured manometrically, and the purified gas was collected 
into flame-sealed pyrex tubes.  These CO2 samples were sent to NOSAMS where they are converted 
to graphite for AMS analysis. 
The graphite derived from each sample is compressed in a target press and inserted into the 
cathode of the ion source. After acceleration and removal of electrons, the emerging positive ions are 
separated and the 12C and 13C ions are measured in Faraday Cups where a ratio of their currents is 
recorded. Simultaneously the 14C ions are recorded in a gas ionization counter, so that instantaneous 
ratios of 14C to 13C and 12C are recorded (Stuvier, 1980).  
The fraction-modern carbon (Fm) is computed from the expression:  
Fm = (S - B) / (M - B)    (1) 
In the equation, B, S and M represent the 14C/12C ratios of the blank, the sample, and the 
modern reference, respectively. Standard practice is to limit reporting ages to fraction-moderns which 
are at least two standard deviations from the blank, or background levels.  The total error in the 
measured fraction-modern averages about 0.5.   
Samples results are also reported by their radiocarbon ages, which result from taking the log 
of the fraction modern: 
Age = -8033 ln (Fm)    (2) 
The error in the age is given by 8033 times the relative error in the Fm . Therefore a 1% error in 
fraction-modern leads to an 80 year error in the age.  D14C represents the permil departure of the 
sample activity, corrected for isotope fractionation, from the activity of the modern standard.  This way, 
a sample of “infinite” 14C age has a D14C of –1000 ‰. 
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4.3: Radiocarbon Results 
Radiocarbon results are presented in Table 4.1.  For the gastropod shells, d13C of whole shells 
ranges from 1.29 to –14.71 ‰ PDB. Figure 4.3 shows radiocarbon D14C with depth for whole shell 
samples and carbonate nodules.  Carbonate concretions used for 14C analysis have d13C ranging from 
–12.02 to –30.76 ‰ PDB.  For the bulk shell samples, fraction modern carbon, Age, and D14C range 
from 0.9040 to 0.2647, 1.11 ka to 10.70 ka, and –96.00 to –735.30 ‰, respectively.  For carbonate 
concretions fraction modern carbon, Age, and D14C range from 0.2978 to 0.0905, 9.73 ka to 19.40 ka, 
and –704.9 to –910.40 ‰, respectively. 
4.4: Interpretation of Radiocarbon Results 
The shells show more negative D14C (i.e. greater age) with depth.  The increasing shell ages 
are related to the fact that the shells incorporate “live” carbon into their shells as they are constructed 
from the dissolved inorganic carbon in seawater.  Upon burial, this  
radiocarbon decays with time with a half life of 5568 years resulting in increasing shell age with depth.  
The measured bulk shell ages are older than the actual age of the shell itself because of authigenic 
carbonate overgrowth.  The D14C of the authigenic carbonate nodules show much more depleted D14C 
due to the fact that they are comprised of a significant amount of 14C “dead” carbon from 
hydrocarbons.  The carbonates are not composed completely of hydrocarbon-derived carbon in which 
case they would have D14C of -1000‰. This is because the  carbonates have carbon sources from two 
reservoirs with distinct radiocarbon signatures: a 14C-depleted hydrocarbon carbon source mixed with 
a nearly constant  proportion of seawater-derived carbon. 
4.5:  Discussion 
4.5.1:  Determination of Sediment Accretion Rates  
Plots of d13C and D14C for shells and carbonates (Fig. 4.4) provide evidence of mixing between 
hydrocarbon and seawater carbon in the shells and carbonates.  The characteristic relationships seen 
in plots of d13C and D14C for carbonate nodules and gastropod shells corroborates the imprint   of 
these two carbon sources in the seep deposits and indicates that radioactive decay and radiocarbon 
dilution are the foremost factors controlling the observed 14C depletions.  Plots of d13C and D14C for  
Sample Name Sample Depth (cm) Sample Type d13C Radiocarbon Results PMC Error Apparent D  14C
Location (% Modern Carbon) Age (ka) Age Error
(error in years)
97-2900 WMS GC 232
WMS-1 (sh) -1 shell -0.91 0.8397 ± 0.0046 0.0046 1.40 ± 45 45 -160.30
WMS-1 (c) -1 concretion -14.92 0.2714 ± 0.0019 0.0019 10.50 ± 55 55 -728.60
WMS-12 (sh) -12 shell -5.53 0.5864 ± 0.0028 0.0028 4.29 ± 40 40 -413.59
WMS-12 c -12 concretion -14.00 0.1921 ± 0.0011 0.0011 13.25 ± 50 50 -807.94
WS-21 (sh) -21 shell -4.57 0.4944 ± 0.0027 0.0027 5.66 ± 45 45 -505.60
WS-21 (c) -21 concretion -12.02 0.1893 ± 0.0017 0.0017 13.35 ± 75 75 -810.70
97-2900 OMP GC 232
OP-6 (sh) -6 shell 1.29 0.7409 ± 0.0032 0.0032 2.41 ± 35 35 -259.10
OP-6 (c) -6 concretion -16.92 0.2848 ± 0.0018 0.0018 10.10 ± 50 50 -715.20
OP-20 (sh) -20 shell -5.73 0.2647 ±  0.0022 0.0022 10.70 ± 65 65 -735.30
OP-20 (c) -20 concretion -20.21 0.0905 ± 0.0010 0.0010 19.30 ± 90 90 -909.50
95-2639 PW3 GC 232
PW3-1 (sh) -3 shell -0.40 0.904 ± 0.0042 0.0042 0.81 ± 35 35 -96.00
PW3-1 (c) -3 concretion -23.55 0.0922 ± 0.0012 0.0012 19.15 ± 110 110 -907.80
PW3-10 (sh) -10 shell -11.61 0.4073 ± 0.0022 0.0022 7.21 ± 45 45 -592.66
PW3-10 c -10 concretion -20.36 0.1097 ± 0.0012 0.0012 17.75 ± 90 -890.23
PW3-19 (sh) -19 shell -10.69 0.4494 ± 0..0023 0.0023 6.43 ± 40 40 -550.60
PW3-19 (c) -19 concretion -21.73 0.0944 ± 0.0010 0.0010 18.95 ± 90 90 -905.60
95-2639 PW4 GC 232
PW4-3 (sh) -3 shell -0.70 0.8707 ± 0.0040 0.0040 1.11 ± 35 35 -129.30
PW4-3 (c) -3 concretion -22.50 0.0896 ± 0.0009 0.0009 19.40 ± 75 75 -910.40
PW4-9 (sh) -9 shell -9.02 0.5055 ± 0.0045 0.0045 5.48 ± 70 70 -494.48
PW4-9 c -9 concretion -19.27 0.0972 ± 0.0013 0.0013 18.70 ± 110 110 -902.75
PW4-19 (sh) -19 shell -6.96 0.5462 ± 0.0060 0.0060 4.86 ± 90 90 -453.80
PW4-19 (c) -19 concretion -21.84 0.0896 ± 0.0010 0.0010 19.40 ± 85 85 -910.40
95-2647-M2 GC 185
M2-2 (sh) -2 shell -14.71 0.4546 ± 0.0030 0.0030 6.33 ± 55 55 -548.20
M2-2 c -2 concretion -23.94 0.1020 ± 0.016 0.0016 18.35 ± 120 120 -898.60
M2-15 (sh) -15 shell -4.46 0.7371 ± 0.0037 0.0037 2.45 ± 40 40 -267.50
M2-15 c -15 concretion -24.92 0.1066 ± 0.015 0.0015 18.00 ± 110 110 -894.10
M2-21 (sh) -21 shell -7.33 0.6477 ± 0.0034 0.0034 3.49 ± 40 40 -356.40
M2-21 (c) -21 concretion -23.03 0.0999 ± 0.0012 0.0012 18.50 ± 95 95 -900.80
00-3627-PW60 GC 272
PW60-1 (sh) -2 shell -7.87 0.7405 ± 0.0101 0.0101 2.41 ± 110 110 -264.10
PW60-1 (c) -2 concretion -30.76 0.2939 ± 0.0024 0.0024 9.84 ± 65 65 -707.90
PW60-4 (sh) -12 shell -1.27 0.7828 ± 0.0040 0.0040 1.97 ± 40 40 -222.10
PW60-4 c -12 concretion -29.2 0.1031 ± 0.0014 0.0014 18.25 ± 110 110 -897.50
PW60-7 (sh) -21 shell -6.12 0.6561 ± 0.0039 0.0039 3.38 ± 45 45 -348.00
PW60-7 (c) -21 concretion -25.48 0.2978 ± 0.0025 0.0025 9.73 ± 70 70 -704.00
 
 
Table 4.1:  Radiocarbon results.
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Figure 4.3: D14C for shells (top) and authigenic carbonate nodules (bottom) 
from GC 232 (A), GC 185 (B), and GC 272 (C).  
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Figure 4.4: Plots of d13C and D14C for shells and carbonates is 
indicates mixing between hydrocarbon and seawater carbon in the 
shells and carbonates.
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gastropod shells reflect a large amount of mixing between the shell carbonate and the authigenic 
carbonate.  For the carbonate nodules the D14C are nearly constant (in the range of –700 to –900 ‰) 
across varied values of d13C and the evidence of mixing of hydrocarbon-derived carbon with seawater 
DIC is small although the small range of D14C in the nodules points to constant proportions of the two 
components.   
Radiocarbon measurements require a relatively large sample size (10 mg).  This means that 
an AMS analysis of the whole gastropod shell must be made.  Although the shells are cleaned 
thoroughly and etched with acid, they still contain a certain amount of carbonate overgrowth that 
cannot effectively be removed from the shell.  The shell and authigenic carbonate overgrowth may be 
viewed as a two-component carbonate system where the shell and authigenic carbonate have distinct 
d13C and radiocarbon contents.  Stable isotope mass balance calculations allow for the determination 
of the proportions of the two components in the bulk gastropod shell.  Likewise, bulk radiocarbon 
analyses make it is possible to determine the radiocarbon contents (and age) of the individual 
components using the proportions of shell and carbonate cement determined through stable isotope 
mass balances. 
Microanalyses of shell carbonate that is absolutely free of any authigenic carbonate 
overgrowth (shown in Table 4.2) have d13C of 0.34 and 0.54 ‰ PDB for shells from cores 97-2900-
WM and 97-2900-OM, respectively.  Stable isotope measurements of whole shells from the tops of 
cores which show no visible evidence of authigenic carbonate overgrowth range from -0.91 to +1.2 ‰ 
PDB for sediments from GC 232. The d13C of clean shells confirms the assumption that the shell 
carbonate is built from seawater DIC and contains no hydrocarbon carbon.  In later calculations, 
unless directly measured the assumption is made that uncontaminated gastropod shells have d13C of 
0 ‰ PDB.  The shell  from the top (i.e. -5 cm) of core 95-2647-M2 has a bulk d13C of –14.71 ‰ PDB.  
The shell from the top of core M2 is a Bathymodiolus mussel and the negative d13C, although the 
result of visible carbonate overgrowth, is primarily because mussels posses a limited mobility and they 
must position themselves directly within the stream of venting hydrocarbons.  For these reasons, the  
Gastropod Stable Isotopes Authigenic CaCO3 Stable Isotopes Percentage of Gastropod
d13Cm = bulk analysis Bulk Concretion Cement (microanalysis) in Bulk Shell/Carbonate Measurement (Fg)
Core/SampleName  depth (cm) d 13Cg = micro analysis  d 13C d 13C d 13CmA  d 13CcB  d 13CgC  FgD  % Contaminant in shellE
97-2900-WM 1 cm -0.91 (bulk analysis) -14.92 -0.91 -14.92 -0.91 100 0
12 cm  -5.53 (bulk analysis)  -14.00 -5.53 -14.00 -0.91  60 35
21 cm -4.57 (bulk analysis) -12.02 -12.04 -4.57 -12.02 0.34 60 40
0.34 (micro analysis) -12.04
97-2900-OM 6 cm 1.29 (bulk analysis) -16.92 1.29 -16.92 0.53 104 0
20cm -5.73 (bulk analysis) -20.21 -18.65 -5.73 -20.21 0.53 70 30
0.53 (micro analysis)
95-2639-PW3 1 cm -0.4 (bulk analysis) -23.55 -0.43 -23.55 -0.4 100 0
11 cm -11.61 (bulk analysis) -20.36 -11.61 -20.36 -0.4 44 56
19 cm -10.69 (bulk analysis) -21.73 -10.69 -21.73 -0.4 52 48
95-2639-PW4 3 cm -0.7 (bulk analysis) -22.50 -0.7 -22.5 -0.7 1.00 0
9 cm -9.02 (bulk analysis) -19.27 -9.02 -19.27 -0.7 0.55 45
19 cm -6.96 (bulk analysis) -21.84 -6.96 -21.84 -0.7 0.70 30
95-2647-M2 2 cm -14.71 (bulk analysis) -23.94 -14.71 -23.94 0 0.39 61
15 cm -4.46 (bulk analysis) -24.92 -4.46 -24.92 0 0.82 18
21 cm -7.33 (bulk analysis) -23.03 -7.33 -23.03 0 0.68 32
00-3627-PW60 2 cm -7.87 (bulk analysis) -30.76 -7.87 -30.76 0 0.74 26
12 cm -1.27 (bulk analysis) -29.20 -1.27 -29.2 0 0.96 4
21 cm -6.12 (bulk analysis) -25.48 -6.12 -25.48 0 0.76 24
 
Table 4.2: d13C measurements of shells and carbonate nodules and calculations of amount of 
carbonate contaminant on shells. 
 
 
A: d13Cm is the stable isotope value of bulk mixture of gastropod shell and authigenic carbonate 
overgrowth. 
B: d13Cc is the stable isotope value of the authigenic carbonate overgrowth on seep-dwelling 
gastropods. 
C: d13Cg is the stable isotope value of the seep dwelling gastropod shell.  For samples where a 
direct micro analysis was made of the shell material, the value of the micro analysis is 
used.  For shells where the d13C for the shell was not measured the value of 0.0 ‰ PDB 
is used.  
D: Fg is the proportion of gastropod shell n the bulk mixture of shell and carbonate (see footnote 
A) calculated using a stable isotopes mass balance using the values of d13Cc and d
13Cg. 
E: Percent contaminant on shell is the amount of the bulk shell/carbonate mixture that is pure 
shell (% contaminant = 100% - % shell). 
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mussel shell is not a good candidate for radiocarbon dating.  Excluding the shell from the top of core 
M2, the remaining bulk shell d13C ranges from 1.29 to –11.61 ‰ PDB.   
(4.5.1a: Amount of Authigenic Carbonate Overgrowth on Gastropod Shells) 
Calculation of the proportions of shell and carbonate in the mixed bulk shell d13C 
measurements requires the determination of the stable isotope value of the contaminating carbonate 
cement.  Carbonate nodules from cores 97-2900-WM from –21 cm depth and 97-2900-OM from –20 
cm depth have d13C of –12.02 and –20.2 ‰ PDB, respectively.  Measurements of microsamples of 
carbonate cement from gastropod shells from the same  
depth in these cores have d13C of –12.04 and -19 ‰ PDB, respectively (Table 4.2).  Thus validating 
the assumption that the d13C of carbonate nodules from the same interval as the shell can be used as 
the d13C of the authigenic overgrowth.   
A mass balance using the measured d13C of the bulk mixture of authigenic carbonate and the 
gastropod shell, contaminating cement, and the uncontaminated shell allows for calculation of the 
amount of authigenic contaminant in the bulk shell as follows: 
Fgd
13Cg + Fcd
13Cc = d
13Cm     (3) 
where Fg and Fc are the fractions of "clean" gastropod and of the authigenic carbonate contaminant in 
the gastropod, respectively; d13Cg and d
13Cc are the measured (or inferred) stable isotopes of the 
gastropod shell and contaminant (in ‰ PDB); and d13Cm is the "mixed" measured value representing 
that of the bulk shell including authigenic overgrowth. This calculation is based on the assumption that 
(1) d13C of the carbonate overgrowth on the shell (d13Cc) is equal to d
13C of carbonate nodules from 
the same level in the core and (2) that unless measured directly the d13C for clean shells (d13Cg) is 0 ‰ 
PDB.   
Table 4.2 shows the values used and results of the mass balance calculations.  For shells 
from GC 232 (Fig. 4.5A) the deeper the shell, the more carbonate overgrowth.  This is a result of the 
shells being in the sediment longer.  Gastropod shells from the tops of cores from GC 232 have 
essentially zero contaminating carbonate overgrowth while deeper in the sediment the amount of 
authigenic cement increases to 30-50 wt. % of the bulk shell.  For GC 185 and GC 272 (Fig. 4.5 B, C),  
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Figure 3: Amount of  authigenic carbonate on gastropod shells used for dating seep sediments. These values are calculated using isotope
mass balance calculations utilizing measured d13C values of  carbonate nodules, mixed shell/carbonate, and micronalysis of uncontaminated
gastropod shell.  Shells from GC 232  ( A) show increasing carbonate overgrowth with depth as the older shells have more time for carbonate
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he text, this shell was a Bathymodiolus mussel, and has the ptential to have incorporated more 13C-depleted carbon into the shell during its
growth. 
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Figure 4.5: Amount of  aut igenic ca onat  n gastropod shells us d for 
dating seep sediments. 
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there is essentially the same amount of authigenic cement overgrowth with depth.  An exception is for 
the mussel shell from -5 cm in core M2 from GC 185.  This shell’s negative d13C caused by its 
incorporation of hydrocarbon derived carbon into the shell carbonate itself causes an overcorrecting of 
the amount of carbonate overgrowth.   
(4.5.1b:  Sedimentation Rates in Seep Sediments) 
As discussed earlier, the radiocarbon measurements for whole gastropod shells covered with 
hydrocarbon-derived carbonate cement represent an age that is older than the true age of the shell.  
To determine the true age of shells in the sediment a correction must be made for the proportion of 
authigenic carbonate overgrowth in the bulk radiocarbon measurement and its effects on the D14C of 
the bulk shells.   The measured radiocarbon contents of the contaminated shell, the authigenic 
carbonate, and the calculated value of Fg allow for the radiocarbon content of the shell to be calculated 
and yields a corrected  age for the sediments at depth.  The following equation is used: 
FgD
14Cg + (1-Fg) D
14Cc = D
14Cm    (4) 
where Fg is the previously calculated (eq. 3) proportion of clean gastropod in the whole sample 
radiocarbon measurement, D14Cc and D
14Cm are the measured D
14C of the authigenic carbonate 
cement and the mixed shell/contaminant, and D14Cg is the radiocarbon content of the uncontaminated 
gastropod shell, i.e. the parameter that represents the true age of the sediment.  The assumptions are 
made for the radiocarbon mass balances that the D14C of carbonate nodules from the same level as 
the shells, and it is the same as the D14C  of the authigenic cement on the shells.   
Figure 4.6 shows measured, uncorrected shell radiocarbon ages and shell ages corrected for 
authigenic carbonate overgrowth.  The difference between the measured and corrected shell ages 
increases with depths in the cores, a reflection of the increased carbonate overgrowth on the shells 
with depth.  Linear correlation of the corrected ages with depth from cores WM, PW3, PW4, M2 and 
60 have r2 coefficients of 0.91, 0.86, 0.97, 0.98, and 0.98, respectively.  That the corrected ages lie on 
straight lines is am indication that the there is a constant sedimentation rate.   Constant sedimentation 
rates are important in that they suggest no reworking or extensive bioturbation of the sediment.    
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Figure  5: Measured and corrected radiocarbon ages for shells from six cores sampled from GOM seep sediments.  Solid symbols  show
the measured radiocarbn ages for shells.  The empty symbols show the shell ages correcte for authigenic carbonate overgrowth.   
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Figure 4.6: Measured and corrected radiocarbon ages for shells from six 
cores sampled from GOM seep sediments.  Solid symbols  show the 
measured radiocarbon ages for shells.  The empty symbols show the shell 
ages corrected for authigenic carbonate overgrowth.
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 Figure 4.7 is a plot of the shell d13C against the percent difference between the apparent and 
corrected ages of the shells.  It ranges from 0 % at the top of the cores from GC 232 to 90 % in the M2 
core.  There is a distinct correlation between the difference in the corrected age and the  d13C of the 
shells seen in Figure 4.7.  This means that the addition of more 13C-depleted and 14C-free carbonate 
cement to shells increases the discrepancy between the true age of the sediment and the anamolously 
old radiocarbon age of the bulk shell.   
Final calibration of the shell ages shown in Figure 4.8 must account for the GOM “reservoir 
effect”, that is the radiocarbon age of the DIC  in the GOM deep water from which the gastropods 
shells are initially formed.  Aharon et al., (1997) found that the ages of living Bathymodiolus sp.  shells 
from 598 m from the GOM  are  0.8 ka.  Matthews et al.,(1973) reported the GOM bottom water to 
have D14C of -150 ‰ which is approximately 0.8ka.  The final results here (Table 4.3) account for this 
800 year reservoir effect. 
Sediment ages from GC 232 correspond to top-to-bottom sedimentation rates (shown in Table 
4.3) that range from 2.2 to 13.4 cm/ka, with a remarkable correlation between cores WM, PW3, and 
PW4 each with sedimentation rates of 13 cm/ka.  These 25-cm cores represent roughly 2,000 years of 
sedimentation. In GC 272, core 00-3627-60 has a sedimentation rate of 15 cm/ka.  It is remarkable 
that the four cores sampled closely to one another from GC 232 give the same overall sedimentation 
rate after such manipulation of the shell ages to obtain reliable sediment ages.  This suggests the 
reliability of the method employed here for determining sediment ages.   The similarity of the 
sedimentation rate calculations from adjacent cores also allows the conclusion to be drawn that these 
sediments from GC 232 have not been reworked and the sediments are not the result of slumping.  It  
also allows for estimation of the ages of the seeps.  If these seeps have been active for 1000 years, as 
these data indicate, the subseafloor processes controlling seepage may be seen as acting on 
timescales larger than the time span for this site.   
Core OMP has a sedimentation rate of 2.2 cm/ka with the bottom of the core being much older 
than the others at similar depths.  This difference in ages puts core 97-OMP stratigraphically lower 
than the other cores.  The OMP core has only two dates from the top and bottom of the core.  The  
Sample Name Sample Depth (cm) Corrected Age for sediment ages % change Between Apparent sediment ages Sedimentation Rate r2 value for linear 
Location Contaminated Shells (ka) minus "reservoir effect" and Corected Shell Ages minus "reservoir effect" (Using adjusted ages) fit of ages vs depth
of 0.8 ka of 0.8 ka cm/ka
between top 
and bottom ages and depths
97-2900 WMS GC 232
WMS-1 (sh) -1 0.60 0 0.60
13.4 0.91
WMS-12 (sh) -12 1.81 1.01 -58 1.01
WS-21 (sh) -21 2.89 2.09 -49 2.09
97-2900 OMP GC 232
OP-6 (sh) -6 1.61 0 1.61
2.2 1
OP-20 (sh) -20 8.68 7.88 -19 7.88
95-2639 PW3 GC 232
PW3-1 (sh) -3 0.01 0 0.01
13.2 0.86
PW3-10 (sh) -10 1.93 1.13 -73 1.13
PW3-19 (sh) -19 2.03 1.23 -68 1.23
95-2639 PW4 GC 232
PW4-3 (sh) -3 0.31 0 0.31
12.4 0.97
PW4-9 (sh) -9 1.40 0.60 -74 0.60
PW4-19 (sh) -19 2.40 1.60 -51 1.60
95-2647-M2 GC 185
M2-2 (sh) -2 0.361 -0.44 -94 -0.44
27.1 0.98
M2-15 (sh) -15 0.944 0.14 -61 0.14
M2-21 (sh) -21 1.055 0.26 -70 0.26
00-3627-PW60 GC 272
PW60-1 (sh) -2 0.920 0.12 -62 0.12
15.32 0.98
PW60-4 (sh) -12 1.732 0.93 -12 0.93
PW60-7 (sh) -21 2.158 1.36 -36 1.36
 
 
Table 4.3: Sediment age adjustments and sedimentation rates.
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Figure 4.8:  Gastropod shell radiocarbon ages corrected for authigenic 
carbonate overgrowth as well as the GOM  reservoir effect of 800 yr. 
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Figure 4.8 Shell ag s corrected for carbonate overgrowth and GOM reservoir effect 
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extremely low sedimentation rate is caused by the bottom of the core being much older than similar 
depths compared to the other cores in the same areas.  This calculated sedimentation rate does differ 
from the rest of the cores examined here, but vastly varied sedimentation rates would generally be 
assumed to be the norm rather than the exception in an area that experiences as much erosion and 
sediment bypass as the part of the GOM slope studied here.  The older ages for shells from core OMP 
may be the result of erosive loss of the sediment that should form the middle of the core.   
Samples from core 96-2647-M2 give an example of the limits of using seep-dwelling shelled 
organisms as dating materials.  Sediment ages from core 95-2647-M2 from GC 185 give a 
sedimentation rate of 27 cm/ka.  This sedimentation rate is twice the value for the GC 232 sediments.  
This rate is based on the absolute difference in the top and bottom age of the core, but after correction 
for the GOM reservoir effect the shell from the top of core M2 has an age of – 0.4 ka.  The age of this 
shell is corrected to be younger than the true age of the sediment because the Bathymodiolus shell 
used for dating is anomalously 13C-depleted due to the incorporation of methane-derived carbon 
directly into the shell from the seep fluids.  This causes the amount of carbonate overgrowth the to 
over-estimated, making the corrected age of the shell much less than the actual age.  Readjusting the 
–400 year age to zero years for the shell from the top of core M2, the sedimentation rate for GC 185 is 
approximately 70 cm/ka.  This rate of sediment accumulation, although larger than expected is 
plausible for these sediments and may be the result of gas hydrate formation or carbonate 
precipitation.  Extremely rapid calculated rates of sedimentation could be a product of the formation of 
gas hydrates in the sediments which acts to expand the sediment as hydrate ice expands during the 
freezing of the hydrates in shallow sediments.  Additionally, it must be considered that the precipitation 
of carbonates in the sediment may act to deposit sediment from the bottom up, increasing gross 
sedimentation rates in seep areas where carbonate cementation combines with deposition of 
hemipelagic sediments to increase measured sedimentation rates.  
 Doyle et al., (1992) used radiocarbon ages of planktonic foramanifera to determine 
sedimentation rates in non-seep sediments in Mississippi Canyon (see Fig. 4.1 for general location) to 
be 30cm/ka.  Aharon and Fu (2000) give a Green Canyon sedimentation rate of 6 cm/ka. Mississippi 
Canyon’s proximity to the most recent Mississippi River delta deposits can account for this 
  
 
289
discrepancy between the reported sediment ages.  Across the continental slope of the northern GOM 
the constant changing of the Mississippi River’s major depocenters may result in specific areas having 
sedimentation rates that are vastly different from one another.  
4.5.2:  Amount of Hydrocarbons Partitioned into Carbonates 
If the true age of the sediment has been calculated, the radiocarbon measurements of the 
carbonate concretions may be compared to the corrected age of the sediment.  The difference 
between the true age and the measured age allows for a calculation of the amount of hydrocarbon-
derived “fossil” carbon that is incorporated into the carbonate nodules.  The  amount of 14C-free “dead” 
carbon (Fraction Dead or Fd in this case methane or other hydrocarbons) in the carbonate concretions 
may be calculated , as follows: 
Fd = (D
14Cc - D
14Cp) / (D
14Cd - D
14Cp)    (5) 
where Fd is the fraction of “dead” carbon in the carbonate nodule, D
14Cc is the measured radiocarbon 
content of the carbonate nodule, D14Cp is the predicted radiocarbon of the seawater DIC component of 
the nodule, and  D14Cd is the radiocarbon value of the 
14C-free hydrocarbon carbon. 
As discussed earlier, the carbonate nodule is formed from a two component carbon pool . One 
carbon pool consists of 14C-dead carbon (D14Cd = -1000 ‰) and the other consists of 
14C-live carbon 
derived from marine organics, seawater, or both (initial D14C = 0.0 ‰).  At the closure of the 14C 
system with the completion of the carbonate precipitation, the fraction of “live” 14C begins decaying.  
The initial proportions of “dead” and “live” from the different carbon sources can be estimated using 
the above mass balance and the “time” age of the sample derived from benthic gastropods.  The 
measured D14C of the nodule is known and the D14Cd of “dead” carbon is -1000 ‰.  The predicted D
14C 
(D14Cp) is the D
14C of seawater DIC corrected for decay according to the known age of the sediment as 
follows: 
D14Cp (‰) = 1000 (e-
lt -1)    (6) 
Two calculations of the parameter D14Cp must be made using eq. 6 to describe the D
14C of the 
DIC incorporated into the carbonate nodule.  The value of -lt must take into consideration that the DIC 
from seawater can be either (1) as old as the sediment (t = corrected sediment age – reservoir effect), 
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or (2) the DIC may be as old as present-day GOM deepwater (t = 0.8 ka).  Simplified, the minimum 
age of  the seawater component of a carbonate nodule is the day it was collected with the submersible 
and the maximum age may not be older than the sediment it inhabits, meaning that two different 
values for Fd must be calculated.   
Plots of the amount of fossil carbon (Fd) in the carbonate nodules are shown in Figure 4.9  
The value of Fd is a range of values that is dependent on the age of the seawater-derived DIC 
component of the carbonate nodule.  For sediments where the age of the sediment is relatively older 
(e.g. core 97-2900-OM) there is a larger range for the amount of hydrocarbon-derived carbon in the 
concretions.  All of the nodules from each of the three sample sites have 50-80% fossil carbon, with an 
average of 70%.  The fact that on average 30% of the carbon in the carbonate nodules is comprised of 
seawater-derived carbon from pore fluid DIC supports earlier interpretations that the carbonate 
nodules form at the sediment water interface in the top few cm of the sediment.   
(4.5.2a: Volume of Hydrocarbons Contained in Carbonates) 
Many hydrocarbon species are present around GOM seeps and are subjected to sulfate 
reduction reactions.  To determine the amount of carbonate that may be formed from one unit of 
hydrocarbon gas the amount of gas in and around the seep site must be considered in each of the 
following three states: methane dissolved in seawater, methane trapped in gas hydrates, and gas 
bubble methane under pressure.  Each of these states may contain vastly different amounts of 
methane at the pressure and temperature conditions of the Green Canyon seep sites (summarized in 
Table 4.4).   
The solubility of methane in seawater is very low at standard temperature and pressure (mole 
fraction in seawater ~2 x 10-5 moles CH4/molH2O (Handa 1990)), but solubility is directly proportional 
to pressure and also increases at lower temperatures (Ryskin, 2003).  At the PT conditions of the 
Green Canyon seep sites (60 ATM and 7 °C) Bonham (1978) gives the solubility of methane in 
seawater to be 2L/L which corresponds to a mole fraction of 1.6 x 10-3.  A similar value (mole fraction 
methane ~ 1.3 x 10-3) is reported by Handa (1990) for comparable PT conditions.  Using a 
compromise mole fraction value of 1.45 x10-3, means that 1 mole of water (18gH2O, 18cm
3H2O)  
Table 4.4:  Amount of methane at standard temperature and 
pressure (in m3 and moles) dissolved in seawater at 700m
 and 7 degrees C, in gas phase at 700 m, and contained in gas hydrate.
Methane State CH4 (at 1 atm, 25
oC) Moles CH4
Dissolved in Seawatera 1.8 m3 CH4/m
3 Seawater 80
Gas under Pressureb 64 m3CH4/m
3 H2Oat depth 2857
Contained in Hydratec 140 m3 CH4/m
3 Hydrate 6250
a calculated for gas at 700 m and 7 degrees C and fluid of seawater salinity
 determined after calculations by Bonham (1978) and Handa (1990)
b calculated for gas at 700 m and 7 degrees C using ideal gas law PV = nRT
c 1 m  3 of thermogenic gas hydrate contains 140 m  3 gas at STP per m  3 hydrate
  1 m3 biogenic gas hydrate contains 172 m3 gas at STP per m3 hydrate 
  1 m3 biogenic gas hydrate contains 139 m3 gas at STP per m3 hydrate 
   if 70% of hydrate lattice is occupoied.   (Milkov and Sassen, 2001; Sloan 1998)
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Figure 7:  Proportion of 14C-free carbon incorporated into carbonate nodules. Calculations are based on measured D14C valuess of carbonates compared to
corrected D14C values of gastropod shells.   Assuming that the corrected D14C values for the shells ar  of the the sediments' ages, the more negative D14C values of
the carbonates are due to the incorporation of 14C-free fossil carbon from hydrocarbons.  The remainder of the carbon in the carbonates comes from seawater DIC.
The ranges in the plots of the amount of fossil carbon in the nodules comes from the fact that there is an uncertainty concering the exact time of formation of the
carbomnate nodule.  The ranges reflect the fact that the seawater DIC in the carbonate nodules may either be as old as the age of the sediment (i.e. the corrected
shell age) or it may come from recent GOM bottom water which has a radiocarbon age of 800 years.   
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Figure 4.9: Proportion of 14C-free carbon incorporated into carbonate nodules. 
Calculations are based on measured D14C of carbonates compared to 
corr cted D14C f gast opod shells.   
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contains 0.00145 mol CH4.  This corresponds to a solubility of 1.804m
3CH4/m
3H2O at standard 
temperature and pressure. 
Gas hydrates have the ability to sequester huge amount of methane within a clathrate lattice.  
Milkov and Sassen (2001) use the CSMHYD program from Sloan (1998) program to calculate that 1m3 
of thermogenic gas hydrate contains 140 m3 gas at standard temperature and pressure.  Intermediate 
between the amount of gas dissolved in pore fluids or bound in clathrates is the amount of gaseous 
methane that can be contained in bottom waters. A volume of  1m3 of gas at 600m water depth and 7 
°C expands to 64 m3 at surface temperature and pressure.   
 Assuming 50% porosity and sediment density of 2.7 g/cm3, sediment with 50% authigenic 
CaCO3 content contains 0.675 g CaCO3/cm
3
 (675,000 g CaCO3/m
3).  Using the mean value of the 
proportion of hydrocarbon-derived carbon in the carbonates (70%) and the molecular weight of CaCO3 
(100 g/mol), 50% carbonate corresponds to 4725 moles of carbon/m3 of sediment derived from 
hydrocarbons.  If the authigenic carbonates are methane-sourced, 4725 moles of carbon correspond 
to 106 m3 methane at standard temperature and pressure (i.e. 1 mol gas = 0.0224 m3 at STP).  This 
value is almost as much as the amount of methane contained in a Structure II gas hydrate, meaning 
that if enough sulfate is available for sulfate reduction reactions or during aerobic methane oxidation in 
bottom water large a amount of carbonate may form in the sediment.   For 100% carbonate (at 50% 
porosity) 1 m3 authigenic carbonate when 70% of the carbon is from methane corresponds to 9450 
moles of carbon (equivalent to the carbon contained in 211 m3 CH4).  Figure 4.10 shows the results of 
calculations like the preceding estimate of the equivalent amount of carbon contained in gaseous 
methane at surface temperature and pressure plotted against the equivalent amount of carbon 
contained in authigenic carbonate rock for carbonates composed of 50%, 70%, and 90% hydrocarbon 
carbon.  For a methane source, Figure 4.10 shows that for carbonates composed of 70% dead 
carbon, a sediment with of 60% carbonate can contain as much carbon per volume as the solid gas 
hydrates.  These calculations are conservative, as they assume 50% porosity. 
The values shown in Figure 4.10 are approximate values, assume a methane hydrocarbon 
source, assume ideal conditions, and ignore the fact that GOM gas hydrates and sediments contain  
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other hydrocarbons (C2-i-C5) and crude oil.  Assuming 100% methane source for the carbonates 
(relating only to carbon content and not stable carbon isotopes) the amount of carbon from a mixture 
of hydrate-forming gases is not drastically different than assuming 100% methane. Compared to 
methane, equivalent amount of carbon corresponds to an  equivalent gas volume of 50% for C2, 33% 
for C3 etc.  Assuming published Green Canyon gas hydrate compositions of 75% C1, 23% C2, and 2% 
C3, the carbon content of a given volume of hydrocarbon gas has 125% the total carbon of a 100% 
methane gas.  This means that assuming a 100% methane source for hydrocarbon-derived carbon in 
Figure 4.10 may under estimate maximum carbon amounts in hydrocarbon gases. Regardless, for a 
given volume, carbonate sediment may sequester more carbon as carbonate than contained in a 
comparable volume of gas hydrate and using an assumption of 100% methane to estimate 
hydrocarbon carbon contents and contribution results in reliable estimates for the purposes here.   
(4.5.2b: Calculation of d13C of Hydrocarbon-Derived Carbon) 
If the proportion of “dead” (hydrocarbons) and “live” (seawater DIC) carbon in a carbonate 
nodule are known, as well as the d13C of the live component, a mass balance allows for the calculation 
of the d13C of the hydrocarbon component of the nodules using the following (see results in Table 4.5): 
d13Cd = (d
13Cc + d
13CDIC (Fd -1))/Fd    (7) 
where d13Cd  is the calculated d
13C of the “dead” carbon in the carbonate concretion, d13Cc is the 
measured d13C of the carbonate concretion, d13CDIC  is the d13C of the seawater DIC (0.63 ‰ PDB), 
and Fd is the calculated fraction of “dead” carbon calculated in eq. 5.   
The calculation of the d13C of the hydrocarbon-derived fraction of the carbonate nodules, 
allows for an assessment of seep processes and hydrocarbon sources (i.e. liquid petroleum, bio- or 
thermogenic methane).  Figure 4.11 plots the results of calculation of d13C for the “dead” carbon 
component of the carbonate nodules.  For cores from GC 232 (Fig. 4.11 A, B, C, D) the mean 
calculated d13C is –26 ‰ PDB.  For the core from GC 185 (95-2647-M2, Fig. 4.11E) the mean 
calculated d13C for the carbonate nodules is –30 ‰ PDB.  These values clearly correspond to a 
thermogenic carbon source for these carbonate nodules.  Calculated d13Cd clearly indicates that there 
A B
Seawater DIC component of carbonates as old as max age of sediments Seawater DIC component of carbonates as old as GOM Water
Sample Name Depth (cm) Fraction Dead Carbon Fraction Dead Carbon
Fd Calculation of d13Cdead Calculation of d13Ccarb Fd Calculation of d
13Cd Calculation of d13Ccarb
Fd = (D
14Cm - D
14Cp) / (D
14Cd - D
14Cp) d
13Cdead = (d
13Cm + d
13Cp (Fd -1))/Fd d
13Ccarb = (Fd)(d
13Cd) + (1 - Fd)(0.63) Fd = (D
14Cm - D
14Cp) / (D
14Cd - D
14Cp) d
13Cd = (d
13Cm + d
13Cp (Fd -1))/Fd d
13Ccarb = (Fd)(d
13Cd) + (1 - Fd)(0.63)
subscripts d = "dead"  p = "predicted" where  d
13Cp = GOM DIC= -0.63 ‰ 0.63 ‰ = d
13CDIC subscripts d = "dead"  p = "predicted" where  d
13Cp = GOM DIC= -0.63 ‰ 0.63 ‰ = d
13CDIC
GC 232
97-2900 WM
WM-1 (c) -1 0.57 -25.72 -14.38 0.60 -24.46 -14.42
WM-12 c -12 0.65 -21.31 -13.55 0.69 -20.09 -13.61
WM-21 (c) -21 0.60 -19.58 -11.52 0.69 -17.13 -11.63
97-2900 OM
OM-6 (c) -6 0.50 -33.49 -16.28 0.58 -28.48 -16.40
OM-20 (c) -20 0.48 -41.53 -19.55 0.80 -25.14 -19.96
95-2639 PW3
PW3-1 (c) -3 0.80 -29.39 -23.29 0.80 -29.38 -23.29
PW3-10 c -10 0.75 -25.18 -18.60 0.78 -24.15 -18.64
PW3-19 (c) -19 0.76 -28.33 -21.43 0.79 -27.18 -21.47
95-2639 PW4
PW4-3 (c) -3 0.79 -28.23 -22.24 0.80 -27.97 -22.25
PW4-9 c -9 0.78 -24.66 -18.99 0.79 -24.18 -19.01
PW4-19 (c) -19 0.76 -28.64 -21.53 0.80 -27.14 -21.59
GC 185
95-2647-M2
M2-2 c -2 0.80 -29.61 -23.69 0.79 -30.25 -23.67
M2-15 c -15 0.78 -31.84 -24.64 0.78 -31.69 -24.65
M2-21 (c) -21 0.78 -29.25 -22.76 0.79 -29.01 -22.76
GC 272 
00-3627-60
60-1 (c) -2 0.57 -53.42 -30.22 0.58 -52.86 -30.23
60-4 c -12 0.76 -38.21 -28.90 0.79 -36.99 -28.93
60-7 (c) -21 0.50 -50.70 -24.85 0.57 -44.03 -24.94
 
Table 4.5: Calculation of  d13C for 14C-free "dead" component of Carbonates and the d13C of 
carbonates consisting of calculated proportion of of 14C-free carbon and seawater DIC.   
A: Maximum age of seawater DIC where DIC component is as old as the sediments.   
B: Minimum age of carbonates where seawater DIC component is as old as present-day GOM 
water. 
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Figure 8: Plots of calculated d13C of the fossil carbon contained in carbonate nodules (solid squares), the calcuated d13C of carbonate using the
calculated % fossil carbon and calculated d13C fossil carbon (empty squares), and measured d13C of carbonates from each of the cores (x's).  If
the amount of fossil carbon in the nodules can be calculated, and the d13C value of the seawater DIC pool which composes the carbonate
nodules is known, then the d13C of the fossil carbon may be calculated for the range values corresponding to differences in initial D14C in the
seawater DIC that makes u
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Figure 4.11: Plots of calculated d13C of the fossil carbon contained in carbonate nodules (solid squares), the calculated d13C of 
carbonate using the calculated % fossil carbon and calculated d13C fossil carbon (empty squares), and measured d13C of carbonates 
from each of the cores (x's).
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 is a possibility that the carbonates incorporate a portion of there carbon from non-methane 
thermogenic hydrocarbons (C2 and heavier hydrate-forming gases) or crude oil. 
The core from GC 272 (00-3627-60) has mean calculated carbonate nodule d13C of –46 ‰ 
PDB (Fig. 4.11F).  This likely corresponds to a biogenic methane source for the formation of these 
carbonates.  
These calculated fractions of hydrocarbon-derived carbon and the d13C of the hydrocarbon 
component of the carbonates can be compared to measured d13C for carbonate nodules. Using the 
calculated d13Cd, Fd, and d
13CDIC the expected d
13C of a carbonate concretion formed can be 
calculated using the following equation: 
d13Ccarb = (Fd)( d
13Cd) + (1- Fd)(0.63)    (8) 
where d13Ccarb = calculated carbonate d
13C, and 0.63 = the measured seawater DIC d13C in ‰ PDB.   
The calculation from eq 8 allows for a check of the assumptions concerning the amount of 
dead carbon and the stable isotope signal of the dead carbon component (calculations in Table 4.5). 
The calculation of d13Ccarb uses the parameters Fd (proportion of dead carbon in the nodules calculated 
in eq 5) and d13Cd of this dead component (calculated in eq 7).  Both of these parameters are 
dependent on the calculation of the predicted value of the radiocarbon from the seawater DIC carbon 
source, D14Cp. The calculated carbonate d
13Ccarb clearly overlaps the measured d
13C (Fig. 4.11) 
meaning that the assumptions used to calculate Fd and D
14Cp were valid.  If these parameters or the 
assumptions used to generate them were wrong, there would be no overlap of the calculated and 
measured d13Ccarb.  If , for example, the value of the amount of dead carbon in the nodule were too 
large the calculated d13Ccarb would be too isotopically depleted.  If Fd were too small the calculated 
d13Ccarb  would be to isotopically heavy.  Likewise, if the value of D
14Cp were too small, Fd would be too 
small and the value of d13Ccarb  would be too isotopically heavy.  As the young limit of D
14Cp is defined 
as the radiocarbon age of modern GOM bottom water there cannot be a “too young” value for D14Cp.  
The maximum radiocarbon “age” for D14Cp is defined as the age of the sediment from which the shell 
was sampled.  If this age is too old the value of Fd would be to large, leading to a more negative value 
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of d13Ccarb.  The overlap of the calculated d
13Ccarb with the measured d
13C of the carbonate nodules 
from the cores act as further validation of the reliability of sediment ages derived from the techniques 
for correction of shell ages.  
This  result indicates that non-methane hydrocarbons are the dominant carbon sources for the 
precipitation of authigenic carbonates in the hydrate and seep environments. Methane is a contributor 
to, but not the dominant source of, carbon supporting microbial life at the sites of active venting. 
4.5.3: Determination of Hydrocarbon Flux Rates  
Using corrected sediment ages, the amount of authigenic carbonate in the sediment, and the 
amount of hydrocarbon-derived carbon in the authigenic carbonate, the carbonate accretion rate and 
hydrocarbon flux through the sediment may be calculated.  Determination of the amount of carbonate 
formed per unit time and the corresponding flux of hydrocarbon gases into carbonate sediments 
involves the following 3 steps: 
1) Determination of  accretion rate (hc in units of m/ka) for hydrocarbon-derived carbonate uses 
sediment accretion rates and calculated amounts of carbonate in the sediment, % dead carbon in the 
carbonates, and sediment porosity. For these calculations, a porosity of 50% is assumed.  The 
molecular weight of CaCO3 is 100g/mole.  It follows that 1 mole of CaCO3 contains 12 grams of C and 
1 gram of CaCO3 contains 0.12 grams of C.  For a sedimentation rate (hs) of 0.13 m/ka, 50 weight % 
carbonate, 70% hydrocarbon derived carbon in the carbonates, and 50% porosity, the rate of 
hydrocarbon-derived carbonate accretion (hc) equals the following: 
hc(m/ka) = (hs) (% carb) (% dead) (porosity)    (9) 
= (0.13 m/ka) (0.50) (0.70) (0.50) 
= 0.023 m/ka 
2) Calculation of the formation rate of hydrocarbon-derived carbonate per unit area per unit time 
(mol/m2 ka-1). Calculation of the  formation rate of carbonate per unit area per unit time (Rc, mol/m
2 ka-
1) uses the following: 
Rc (mol/m
2 ka-1) = (accretion rate of carb) (density of carb) (molecular weight of carb)  (10) 
=  (0.023 m/ka) (2,940,000 g/m3) (0.01 mol/g) 
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= 667 mol/m2 ka-1 
3) Conversion of carbonate formation rate to an equivalent methane volume flux per unit area 
per unit time (m3CH4/m
2 ka-1). Conversion of  Rc from mol/m
2yr to an equivalent methane volume: 
VCH4  = (Rc) (volume of gas in m
3 per 1 mole of gas at STP)    (11) 
=  (667 mol/m2 ka-1) (0.0224 m3 CH4/mole) 
= 15 m3 CH4/m
2 ka-1 
For the preceding calculations: hs = sediment accretion rate (m/ka), hc = hydrocarbon-derived 
authigenic carbonate accretion rate (m/ka), Ra = rate of carbonate precipitation per unit area per unit 
time (mol/m2ka-1), 2,940,000 = the density of CaCO3 (g/m
3), 0.01 = the molecular weight of CaCO3 
(mol/g), A = area (m2),VCH4 = volume of methane in m
3, and 0.0224 = volume of gas in m3 per 1 mole 
of gas at STP. 
Figure 4.12 shows results of modeling the above equations for varying carbonate contents 
and proportion of hydrocarbon “dead” carbon in the nodules for sedimentation rate of 0.13 m/ka. 
Figure 4.12 show results of calculation of the amount of carbon contained in carbonate and equivalent 
carbon methane contained in those carbonates in m3CH4/m
2 ka-1.  The calculations show flux of 
methane calculated for carbonates that are composed of 50%, 70%, and 90% hydrocarbon-derived 
carbon.  The methane flux value is not the total flux of methane through the sediments but the fraction 
of hydrocarbon flux that is removed as authigenic carbonate.   
The hydrocarbon flux into a carbonate reservoir shown in Figure 4.12 is only a moderate flux.  
The volumes of gas per unit area per unit time calculation that assume a methane source tend to over 
estimate flux, owing to the fact that other hydrocarbon in the sediment have more carbon per unit 
volume than methane. Under high fl ux settings there are two main limiting factors on the amount of 
carbonate that may form in the sediments. First is the residence time of the gases in the sediments 
which are assumed to be very small in a high flux where large amounts of gas are constantly venting 
through the sediment to the water column.  Additional formation of carbonates may proceed in 
oxygenated bottom water.  Residence time in the sediments may be increased by the formation of gas 
hydrates   Second, in an area where carbonates are formed as a by-product of sulfate reduction, the 
amount of carbonate formed is related to the SO4 supply in the pore fluids.    When the supply of  
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hydrocarbon oxidants is larger than the supply of SO4 , bicarbonate production stops.  Although, for 
moderate to slow flux settings the formation of carbonate in these sediments would be able to 
sequester most if not all of the advecting hydrocarbons into a carbonate reservoir, moderating the 
amount of hydrocarbons that seep into the bottom water and , ultimately the atmosphere.  In the case 
of a catastrophic dissociation of hydrates, the carbonate-forming processes described here would be 
orders of magnitude too small to reduce the release of gasses to the atmosphere.  
4.6: Summary and Conclusions 
 A method has been developed to use gastropod shells to determine sediment accumulation 
rates.  These shells are overgrown with authigenic carbonate cement and at first would seem to be 
useless as material for dating.  Measurements were made of the stable isotopes of shells overgrown 
with authigenic carbonate as well as uncontaminated  shell and the carbonate overgrowth itself.  A 
stable isotope mass balance allows for a determination of the amount of authigenic contaminant on 
the shell.  This allows radiocarbon measurements of bulk shells and associated carbonate nodules to 
be adjusted to yield true ages and sedimentation rates for these sediments.  Using these methods, 
sediments from GC 232 , GC 272 and GC 185 were shown to have sedimentation rates in the top 30 
cm of 13 cm/ka, 15 cm/ka, and 27 cm/ka, respectively.    These sedimentation rates are comparable to 
measurements and estimates of sedimentation rates in other areas of the GOM slope.  Adjustment of 
radiocarbon measurements of carbonates show that they contain between 50 % and 80 % 
hydrocarbon-derived “fossil” carbon.  This “fossil” carbon  was calculated to have d13C of -26 ‰ PDB 
for GC 232 and -30 ‰ PDB for GC 185.  These relatively “heavy” stable isotopes ratios are an 
indication that non-methane hydrocarbons are one of the major carbon sources for carbonate nodules 
in GC 232 and GC 185 sediments.  Carbonates from GC 272 had a “dead” d13C of -46 ‰ PDB, 
indicative of a methane carbon source.  Calculations of hydrocarbon flux calculations using the 
corrected sediment ages and carbonate contents show that sediment with 60 wt.% authigenic 
carbonate had 70% of its carbon derived from methane.  They contain an equivalent of 140 m3 
methane carbon/m3 sediment, assuming 50% porosity.  This is more methane than an equivalent 
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volume of gas hydrate, meaning that formation of carbonate can effectively isolate large quantities of 
seeping methane.   
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CHAPTER 5: 
SUMMARY AND CONCLUSIONS 
 
The study areas for this dissertation are located in the upper and middle slope area of the 
northern Gulf of Mexico (GOM).   Within this complex geological setting f the GOM slope, venting and 
seepage of fluidized sediment, hydrocarbons, other formation fluids, and gas create a variety of 
features ( gas hydrate mounds, mud volcanoes, carbonate sediments, barite crusts and chimneys, and 
complex chemosynthetic communities) that play an important role in the surface geology of the slope.  
Anaerobic methane oxidation (AMO) and sulfate reduction (SR) are the dominant microbial 
processes in GOM hydrocarbon seep sediments.  A metabolic symbiotic consortium between methane 
oxidizing and sulfate reducing microbes has been proposed to  regulate AMO.  Though multiple 
methanotrophic archaea and sulfate-reducing bacteria grouped organisms have been identified in 
different environments the biochemical mechanism of these processes remains largely unknown. 
Microbial degradation of hydrocarbon gases and crude oil associated with chemosynthetic 
microbial metabolism produces by-products such as calcium-magnesium carbonates that form a 
variety of seafloor features including hard grounds and mounds of varying dimensions. In addition, 
mineral-rich fluids may precipitate barite, forming crusts and low-relief cones and chimneys.  In GOM 
hydrate bearing sediments multiple carbon sources may be incorporated into authigenic carbonates 
including dissolved inorganic carbonate from seawater, foramanifera, and normal marine organic 
matter in addition to biodegraded crude oil, thermogenic methane from gas hydrates, and higher-
weight hydrate-forming gases (C2-nC5).  In some sediments there are additional organic carbon 
sources as methane and CO2 generated in situ via microbial reactions.   
The goals of this dissertation have been to: (i) examine the imprints of microbial processes on 
pore fluids in seep sediments from sites where there are distinct differences in the types of seeping 
hydrocarbons; (ii) investigate microbial process effects on pore fluid chemistry and stable isotopes as 
they relate to hydrocarbon type; (iii) determine the effects of gas hydrates on pore fluid chemistry in 
hydrate-bearing sediments; (iv) explore the links between microbially driven hydrocarbon oxidation 
processes and the composition of authigenic carbonate precipitates; (v) calculate the amount of 
authigenic carbonate rock that may be formed from the pore fluids, (vi) determine the presence of gas 
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hydrates and biodegraded crude oil in seep sediments; (vii) examine the relationships between 
hydrocarbon-fueled microbial reactions and authigenic carbonate formation, mineralogy, chemistry, 
and cement morphology; (viii) explore bacterial fossilization in seep sediments; (ix) utilize carbonate 
d18O ratios as tracers of carbonate formation; (x) utilize carbonate d13C ratios as tracers of 
hydrocarbon-derived carbon sources for the carbonates; (xi) determine the relevance of modern 
studies of carbonate formation in seeps to recognition of ancient seeps, (xii) determine sediment 
accretion rates in Gulf of Mexico deepwater hydrate-bearing sediments, (xiii) establish the amount of 
hydrocarbons partitioned into a carbonate reservoir; and (xiv) to document hydrocarbon flux rates from 
the GOM seep sample sites using the rates of sediment accretion and carbonate formation. 
Sediment cores for pore fluid and sediment analyses were collected from Green Canyon (GC)  
Lease Block 185 (also known as “Bush Hill”) during submersible dives using the Johnson Sea Link II  
in 1995, Block 232 using the JSL II in 1995 and 1997, and Block 272 using the submersible Alvin in 
2000.  
These Green Canyon sample sites are characterized by numerous gas and crude oil 
hydrocarbon seeps, a variety of chemosynthetic communities including chemosynthetic mussels, 
bacterial mats, tubeworms, and gas hydrates. These sites are on the upper slope of the GOM near the 
upper limit of the gas hydrate stability zone.  The most recent episodes of hydrocarbon venting appear 
to have commenced during the late Pleistocene.   
The GC 185 site (Bush Hill) is a fault-related seep feature located at approximately 540 m 
water depth and approximately 7 °C and is one of the more studied hydrocarbon seeps in the GOM.  
Salt diapirism played a major role in the structural evolution of the seep geology of Bush Hill.  The 
geology of the GC 185 salt withdrawal basin favors fluid migration along active fault conduits. The GC 
232 site is located in 560 m water depth.  In 1991, gas hydrates were seen for the first time in the 
GOM outcropping to the seafloor at this site.  This is a fault related seep over shallow salt.  Mean 
temperatures and pressures are similar to those observed at the Bush hill site.  Hydrocarbon 
chemistry of thermogenic hydrocarbons and chemosynthetic fauna are also similar to those of Bush 
Hill.   Of the three sample sites, the GC 272 site has been the least studied from the perspective of 
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direct observation and sampling.  Located at water depths of 580-915 m, the area represents a 
complex of gas hydrates at or near the seafloor where fluid mud mixed with hydrocarbons is actively 
being extruded.  Chemosynthetic communities are also present but are less robust and more widely 
spaced than those in GC 232 and Bush Hill. In the rapid flux setting  exemplified by mud volcano 
formation, considerable heat as well as fluidized sediment and hydrocarbons are transported to the 
seafloor.  The GC 272 site has seep features spread over a much larger area than GC 232 or GC 185.   
The pore fluids from GC 232, GC 185, and GC 272 were extracted immediately after recovery 
with plastic disposable syringes inserted into special screw-out ports in the core barrel at 3-4 cm depth 
intervals and were filtered. After filtering, each sample was divided into three aliquots. One was used 
immediately after filtering for determination of salinity, dissolved sulfide and sulfate concentrations. 
The second was acidified with a few drops of concentrated HNO3 to pH<1 and stored in 5 ml glass 
bottles with rubber stoppers and aluminum vacuum caps for subsequent elemental analysis. Mercuric 
chloride was added to the third to prevent bacterial activity and this aliquot was used for the analysis of 
total dissolved inorganic carbon (DIC), carbon isotopes of DIC (d13C) and oxygen isotopes (d18O) of 
water.  
Pore fluid measurements included: salinity; dissolved sulfide and sulfate concentrations; 
dissolved K, Na, Ca, Mg, Sr and Ba by inductively coupled plasma spectrometer (ICP); Cl- by the 
silver nitrate Knorr-Mundsen titration method; total dissolved inorganic carbon (DIC), d13C of the DIC, 
and d18O of water were determined with a Nier-type triple collector gas source mass spectrometer; 
alkalinity determinations were performed using potentiometric titration; accelerator mass spectrometry 
(AMS) radiocarbon analyses were performed for pore fluid DIC from core 2000-3626-34 at the Woods 
Hole Oceanographic Institution's NOSAMS AMS facility; the degree of saturation of the pore fluid with 
respect to aragonite, calcite, high-magnesium calcite, and dolomite were calculated.   
Unprocessed push cores were frozen onboard the research ship to be used for later sediment 
analysis.  Upon returning to shore, they were sliced lengthwise.  Half was immediately returned to the 
freezer for archival purposes while the other half was cut into 1-cm subsample slices.  These samples 
were washed with distilled water to remove any saline pore fluids and dried.  Half of each subsample 
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was weighed,  washed using a 63 mm sieve, and reweighed after drying to determine percentage of 
coarse/fine.  The other half was crushed for further bulk sediment analyses.   
Sediment samples were subjected to the following analyses: determination of  total weight 
percent carbonate; X-ray powder diffraction analyses for crushed bulk  sediment and picked carbonate 
nodules; quantitative analyses for Mg, Ca, Sr,  Fe, S, and Ba carbonates with an electron microprobe; 
elemental carbon and nitrogen (weight %) in dried, carbonate-free sediment samples; the d13C values 
of the organic fractions of GC 232 cores 1997-2900-WM and 1997-2900-OM were obtained; AMS 
radiocarbon analyses were performed at the Woods Hole Oceanographic Institution's NOSAMS AMS 
facility. 
Investigation of pore fluid chemistry from the GOM continental slope has illustrated the 
specific imprints of hydrocarbon seepage and associated microbial processes in  seep sediments.  
Seeping hydrocarbons stimulate bacterial sulfate reduction reactions that produce sulfide and alkalinity 
enrichments in the fluids.  Compared to background sulfate  and sulfide values (29 mmol/L and ~0 
mmol/L, respectively), all of the seep sediments have lowered sulfate and elevated sulfide, a direct 
result of microbial sulfate reduction in the sediments.  The sulfate depletions occurr in the top 10 cm of 
the sediment.  Associated with this sulfate consumption is the production of bicarbonate and CO2 
which acts to increase the pore fluid DIC and alkalinity to values as high as 33 meq/L and 18 mmol/L, 
respectively compared to background values of approximately 2 meq/L and 2 mmol/L, respectively.   
Measurements of d13CDIC create a fingerprint for different hydrocarbons influencing the seep 
sediments and show that the seeping hydrocarbons are of varied types.  Seeps from GC 232 and GC 
185 have d13CDIC derived from deep hydrocarbon reservoirs that provide thermogenic hydrocarbon 
and crude oil to surficial sediments (GC 232 d13CDIC averages –25 ‰ PDB, GC 185 d
13CDIC averages –
12 ‰ PDB).  GC 185 pore fluid d13CDIC  are isotopically heavy (GC 185 d
13CDIC  ranges from –9.2 to –
15.8 ‰ PDB) and thus have an additional imprint of biogenic methane formed via in situ fermentation.  
GC 272 sediments experience seepage from a mixture of biogenic methane and thermogenic 
hydrocarbons (with GC 272 d13CDIC as isotopically light as –52 ‰ PDB).  Radiocarbon measurements 
of pore fluid DIC from mud volcano sediments in GC 272  with D14C ranging from –374 to –839 ‰ 
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provide evidence of fossil biogenic methane delivered from depth, in contrast to the formation of 
biogenic methane from the organic material in shallow sediments.  This finding may require a 
reappraisal of the depth of biogenic methane generation in the crust.    
This study traces the effects of gas hydrate formation and decomposition on pore fluid 
geochemistry for the first time in GOM seeps.  Pore fluid chloride concentrations from GC 232 and 185 
as low as –530 mmol/L are lower than background values of  ~600 mmol/L for GOM bottom water and 
provide evidence of the effects of gas hydrate decomposition.  In sediments from GC 232 and GC 185 
5-10% of the pore space contains gas hydrate.  Elevated chloride content from GC 272 sediments as 
high as 796 mmol/L are interpreted to the result of recent gas hydrate formation in these sediments.  
GC 272  sediments contain up to 35% of the pore space gas hydrate. 
The chemical composition of pore fluids allows for the formation processes carbonates to be 
traced step by step from the presence of hydrocarbons to the formation of permanent hardgrounds.  
The by-products of bacterial metabolism both fuel the sulfide dependent metabolisms of 
chemosynthetic seep fauna, but also contribute to the precipitation of authigenic carbonates, as 
evidenced by the fluids from every core being supersaturated with respect to calcite, aragonite, Mg-
calcite, and dolomite. The depletion of carbonate-forming constituents in the pore fluids (Ca contents 
as low as 7 mmol/L compared to  10 mmol/L for GOM bottom water, Mg contents as low as 45 mmol/L 
compared to  ~60 mmol/L for GOM bottom water and Sr; as well as increases in Mg/Ca and Sr/Ca) 
are evidence of recent and ongoing carbonate precipitation from the pore fluids.  Pore fluids from 
these sediments only contain enough calcium to form sediment with 0.02 wt. % carbonate.  This 
implies that the processes of carbonate formation must occur at or near the sediment-water interface 
to ensure ample supplies of the carbonate-forming constituents from the overlying seawater. 
The formation of authigenic carbonates is an important process in modern hydrocarbon seep 
sediments.  Several Gulf of Mexico seep studies have shown that for sediments and seep sites that 
are as close as tens of meters there can be major differences in the hydrocarbon substrate utilized by 
microbes in the sediments,  and differences in the resulting geological products of these reactions.  
Analysis of carbonate during its incipient stages of growth has allowed the development of  different 
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models for their formation. Additionally, the application of an integrated study of pore fluids and 
sediments has assisted in refinement of the carbonate precipitation models.    
The chemical composition of the GC 232 sediments shows that they have been strongly 
affected by hydrocarbon seepage.  Gas chromatograph analyses of crude oil from GC 232 sediments 
show incomplete biodegradation of crude oil from the sediment and implies a recent emplacement of 
the seep oil in GC 232.  All cores have elevated TOC (up to 12 wt. %) compared to background 
sediments and  d13CTOC ratios (from –26 to –28 ‰ PDB) indicating the influence of petroleum 
hydrocarbons.  
Up to 70 wt. % carbonate In sediments from GC 232 and up to 40 wt. % carbonate GC 185 
are evidence of the persistence of the carbonate forming processes over time.  Low diagenetic 
carbonate contents in GC 272 (averaging ~20 wt. % carbonate) imply that these sediments are only 
now experiencing the earliest stages of hydrocarbon seepage and therefore have not had enough time 
to develop large quantities of carbonate or that pulsed discharge from mud volcanoes provides limited 
amounts of hydrocarbons to the seafloor.   
The carbonate nodules formed in the top few cm of the sediment as a direct result of 
continuous microbially-mediated sulfate reduction reactions driven by pervasive hydrocarbon seepage 
and the presence of gas hydrates.  The preponderance of aragonite (20-30 % of the total sediment) 
over Mg-calcite (only 5-20% of the total sediment) in sediments from GC 232 and GC 185 indicates 
continual carbonate precipitation at the sediment-water interface resulting in early aragonites (under 
high sulfate conditions) and later precipitation of Mg-calcite (under lower sulfate conditions) as pore 
fluid sulfate contents vary according to the amount of microbial sulfate reduction and influx of sulfate-
rich seawater.  The mineral assemblages in GC 272 Areas 1 and 3 contain dolomite (5-10 % total 
sediment) and Mg-calcite (ranging from 5-25% total sediment), but no aragonite.  The GC 272 sites 
were shown in Chapter 2 to have experienced rapid and intense sulfate reduction.  This depletion of 
sulfate creates a geochemical environment where the precipitation of dolomite and high-Mg calcite 
dominates. Despite the mineralogical differences between GC 232 and GC 185 carbonate nodules 
(aragonite and Mg-calcite but no dolomite) compared to GC 272 carbonate nodules (dolomite and Mg-
 311
calcite but no aragonite), the nodules from GC 272 resemble the GC 232 carbonates in shape and 
size. The similarity of carbonate nodule size and shape indicates that the carbonate-forming 
processes occurring at the different sites are similar.  There is an advection of hydrocarbons from 
below that are utilized by bacteria to create the geochemical conditions for carbonate formation.  
Authigenic carbonate nodules from GC 232 and GC 185 have d18O values (d18O ranging from 
2.4 to 4.7 ‰ PDB)  that indicate they precipitated from fluids at ambient bottom water  temperature 
and with isotopic compositions identical to the fluids squeezed from the core.  The oxygen isotope 
values from some carbonate nodules in GC 272 are as low as  –6.7 ‰ PDB.  These light d18O 
samples from GC 272 carbonate nodules give evidence of “warm vents” in the GOM.  Carbonates 
from GC 272 Area 1  have oxygen isotopes ranging from +4.2 to –6.7 ‰ PDB indicating that they were 
formed at temperatures as high as 59° C.  Carbonates from GC 272 Area 2 average +3.1 ‰ PDB  and 
were formed at temperatures within the range of possible temperatures for water depths of 700 m in 
the GOM.  Samples from GC 272 Area 3 show a variation of formation temperatures (d18O ranging 
from +3.8 to –1.1 ‰ PDB)  with samples from core 00-3627-60 indicating precipitation at ambient 
temperatures, while cores 00-3627-58 and 59 appear to have been precipitated at varying 
temperatures from ambient to as high as 40° C. 
Over time, with persistent seepage there may be changes in the different hydrocarbons in the 
sediments and there may be overprints in the carbonate of crude oil, thermogenic methane and other 
thermogenic gaseous hydrocarbons, and even biogenic methane formed in situ from the activity of  
methanogens acting on organic matter in the local seep sediments.  Based on the d13C ratios for GC 
232 carbonates (carbonate nodule d13C ranges from –11.8 to –24.5 ‰ PDB), non-methane 
hydrocarbons are the dominant carbon sources for the precipitation of authigenic carbonates in the 
hydrate and seep environments. They also contain a small but significant proportion of carbon from 
seawater DIC.   Methane is a contributor to, but not the dominant source of carbon supporting 
microbial metabolism in GC 232.  Microbial consumption of non-methane hydrate-forming  
hydrocarbons (i.e. ethane, butane, etc.) appears to be the major process.  Carbonate stable isotope 
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values are consistent with microbial hydrocarbon oxidation, production of CO2 depleted in 
13C, 
microbial reduction of CO2, and ongoing precipitation of authigenic carbonate rock depleted in 
13C. 
Carbonates from GC 185 show similar 13C depletions to those from GC 232.  The carbonate 
d13C values are uniform downcore (carbonate nodule d13C ranges from –21.7 to –26.3 ‰ PDB) as are 
the pore fluid d13CDIC values (Chapter 2).  In the GC 185 core there is a disconnect between the 
carbonate and pore fluid carbon stable isotopes  (pore fluid d13CDIC ranges from –9.2 to –15.8 ‰ PDB)  
which indicates that the carbonates are not a direct product of the extant pore fluids.  The pore fluids 
from GC 185 have less negative d13CDIC values (GC 185 d
13CDIC averages –12 ‰ PDB) than the 
carbonates that are interpreted to be the results of methanogenesis initiated after rapid and nearly 
complete sulfate depletion. 
GC 272 carbonates have d13C ratios which are more isotopically depleted compared to those 
from GC 232 because the fluids have been affected by biogenic hydrocarbons (Chapter 2).  The range 
of carbonate and pore fluid DIC d13C values from GC 272 (as negative as -40 ‰ PDB and –52 ‰ 
PDB, respectively) give definite evidence of biogenic methane sources.   Determination of  the 
provenance of the carbon in the carbonates and pore fluid DIC is a more straightforward process due 
to the absence of multiple gaseous hydrocarbon and liquid petroleum sources in the GC 272 
sediments.   
The ramifications of the coexistence in the same cores of both dolomite and glendonite ikaite 
pseudomorphs in the mud volcano sediments from GC 272 Area 1 are interesting.  The dolomites are 
interpreted to be formed at elevated temperatures on the basis of oxygen stable isotopes , while the 
glendonites are pseudomorphs of low temperature minerals.  The presence of these phases in the 
same sediments points to different times of formation in vastly different physical and chemical 
environments. The presence  of glendonite means that the pulses must be infrequent enough so that 
the transition of ikaite to its pseudomorph may proceed before the complete breakdown of ikaite.   
Hydrocarbon-derived carbonates may sequester large amounts of carbon.  Assuming that the 
carbonates contain 75% hydrocarbon carbon and are formed from a methane source, 1 m3 of 
sediment contains the carbon from approximately 9250 moles of CH4.  This corresponds to 231 m
3 
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CH4 at standard temperature and pressure (more than the amount of gas contained in 1m
3 of hydrate).  
Integrated over the entire seep site, carbonate formation has the ability to isolate huge amounts of 
carbon and acts to mitigate methane release to the atmosphere.   
A pelloidal microfabric of primary origin, common in many seep carbonates from the GOM as 
well as low d13C ratios are examples of  distinctive carbonate fabrics and stable isotope signatures that 
may be used as diagnostics for fingerprinting biogeochemical processes at ancient seep sites. 
Demonstration here of the variable degrees of mixing between different hydrocarbons in modern 
seeps, shows that care must be taken when evaluating of  the carbon sources based on 13C values 
alone for ancient seeps. Light d18O values observed in carbonates from fossil seeps in terrestrial 
regions are often  interpreted as evidence of secondary alteration and recrystalization of carbonate 
nodules at higher temperature in the presence of fluids with different d18OH2O.  This study has shown 
that in some GOM seep settings, the relatively light d18O of the carbonate may be a primary isotope 
signal rather than evidence of alteration.   
 A method has been developed to use gastropod shells to determine sediment accumulation 
rates.  These shells are overgrown with authigenic carbonate cement and at first would seem to be 
useless as material for dating.  Measurements were made of the stable isotopes of shells overgrown 
with authigenic carbonate as well as uncontaminated  shell and the carbonate overgrowth itself.  A 
stable isotope mass balance allows for a determination of the amount of authigenic contaminant on 
the shell.  This allows radiocarbon measurements of bulk shells and associated carbonate nodules to 
be adjusted to yield true ages and sedimentation rates for these sediments.  Using these methods, 
sediments from GC 232 , GC 272 and GC 185 were shown to have sedimentation rates in the top 30 
cm of 13 cm/ka, 15 cm/ka, and 27 cm/ka, respectively. These sedimentation rates are comparable to 
measurements and estimation of sedimentation rates in other areas of the GOM slope.  Manipulation 
of radiocarbon measurements of carbonates show that they contain between 50 % and 80 % 
hydrocarbon-derived “fossil” carbon.  This “fossil” carbon  was calculated to have d13C of -26 ‰ PDB 
for GC 232 and -30 ‰ PDB for GC 185.  These relatively “heavy” stable isotopes ratios are an 
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indication that non-methane hydrocarbons are one of the major carbon sources for carbonate nodules 
from sediments in GC 232 and GC 185. 
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